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Abstract 
During maturation, muscle strength is enhanced through muscle growth, although 
neuro-muscular factors are also believed to be involved. In adults, training for power 
sports has been shown to enhance muscle strength and activation. The purpose of this 
study was to examine muscle strength and activation in power-trained athletes (POW) 
compared with non-athletes (CON), in boys and in adults. After familiarization subjects 
performed ten 5-s explosive maximal voluntary contractions for elbow and knee flexion 
and extension. The adults were stronger then the boys and the adult POW were stronger 
then the adult CON, even after correction for muscle size. Normalized rate of torque 
development was higher in the adults then in the boys and higher in the POW then CON 
boys. The rate of muscle activation was higher in the adults and POW groups. The results 
suggest that maturation and power-training have an additive effect on muscle activation. 
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Summary 
Adults are stronger then children both absolutely and when strength is related to 
body size (Blimkie and Sale 1998). Even when strength is expressed relative to muscle 
size children are found to be weaker than adults (Blimkie 1989). This finding could be 
explained either by differences in the muscle structure, or in the ability to activate the 
muscle. The most likely structural difference between the muscles of children and adults 
would be fibre type differences. Due to ethical constraints these differences have not been 
extensively studied however, Bell et al. (1980) showed a similar fibre type distribution 
between children and adults. An inability of children to fully active their muscles could 
also explain the lower relative strength observed in children. Grosset et al (2008) 
supported this hypothesis by showing the pre-pubertal boys were less able to activate 
their triceps surae than men. 
Another difference in muscular performance between children and adults is the 
rate of force development, which even after normalization for peak force has been found 
to be lower in children than in adults (Asai and Aoki 1996, Falk et al. 2009a). The lower 
RFD in children could be explained by fibre type differences or by differences in the rate 
of muscle activation between children and adults. Power training in adults has been 
shown to increase muscle strength, RFD and the rate of activation (Aagaard et al 2002, 
Lattier et al. 2003) In children resistance training is known to increase strength with little 
or no hypertrophy, possibly due to neural mechanisms (Falk and Tenenbaum 1996) little 
is know about the effect of training or RFD in children. The purpose of this study was to 
examine the interaction between maturation and power training on muscle strength, 
activation and RFD. 
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A cross sectional design was used with four groups: recreationally-active boys 
(N=17), power-trained boys (N=9), recreationally-active men (N=20) and power=trained 
men (N=17). The subjects visited the lab on two occasions once for familiarization and 
once for testing. The testing session consisted of ten three second MVCs separated by 30 
seconds rest and a two minute rest between the fifth and sixth contraction. The testing 
was performed in a counterbalanced order for elbow and knee flexion and extension. 
EMG was recorded from the agonist and antagonist muscle. The best five trials for each 
subject and movement type were selected and averaged based on the point of force onset. 
Peak torque, peak rate of torque development, antagonist co-activation and the rate of 
antagonist muscle activation were measured. The rate of antagonist muscle activation or 
Q30 was taken as the area under the filtered antagonist EMG curve for the first 30 ms 
after the onset of EMG activity. 
For all contraction types the men were stronger then the boys and the adult 
athletes were stronger then the non-athletes both absolutely and when expressed relative 
to muscle depth (determined with ultrasound). The RTD even when normalized to MVC 
was found to higher in the adults then in the children for all contraction types. There was 
also a main effect for greater normalized RTD in the athletes compared to the non-
athletes for both movements at the elbow and a greater normalized R TD in the child 
athletes then the child control during knee extension. The Q30 was greater in the trained 
group for all movements except knee flexion and was greater in the adults during elbow 
and knee flexion. 
Although power-training has many of the same effects on muscular performance 
as maturation it appears that the effects are additive and that training cannot completely 
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replicate the effects of maturation even after normalization for body size. It also seems 
likely that neural factors are at least partially responsible for the differences seen in RTD 
and peak force. 
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Chapter 1: INTRODUCTION 
1.1 Rationale 
Adults are stronger than children even when body size is taken into account (Blimkie 
and Sale 1998). Because there is no strong evidence to support qualitative differences 
(e.g., muscle composition differences) between the muscles of children and adults, it is 
possible that differences in muscle activation could be responsible for the observed 
differences in relative strength. Children also appear to have lower relative rates of force 
development when compared with adults (Falk et al. 2009a, Falk et al. 2009b). Again 
these differences may be related to greater ability to activate muscle with maturation. 
Resistance and power training are known to increase speed of contraction and muscle 
activation in adults (Aagaard et a12002, Lattier et al. 2003) It is possible that the 
physiological changes that are responsible for greater muscle strength, activation and 
speed of contraction seen after resistance training are similar to those that are responsible 
for the greater muscle strength, activation and speed of contraction following maturation. 
The interactions between the changes in speed of contraction, strength and rate of muscle 
activation that occur with power training and with maturation have not been investigated. 
1.2 Objectives 
The purpose of the present study was to examine the effects of age and power 
training on muscle strength and force generation characteristics, as well as on muscle 
activation. Pre-pubertal power athletes and minimally-active boys were compared with 
power trained and with minimally-active young adults. Torque and rate of torque 
development (RTD) during knee and elbow flexion and extension were measured and 
muscle activity was assessed in the agonist and antagonist muscles. 
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1.3 Hypotheses 
1. Power trained athletes will demonstrate a greater torque, greater R TD and greater 
muscle activation, when compared with age-matched non-athletes. These 
differences will persist even when corrected for body size. 
2. Men will show a greater torque, greater RTD and greater muscle activation when 
compared with pre-pubertal boys of the same training status. These differences 
will persist even when corrected for body size. 
3. The above differences in torque, RTD, and muscle activation between power-
trained and non-athletes will be of similar magnitude in adults and children. 
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Chapter 2: LITERATURE REVIEW 
2.1 Strength changes with growth 
It generally known that adults outperform children in terms of absolute strength. It 
is also generally accepted that these differences persist even when body size is taken into 
account (Blimkie and Sale 1998). The most commonly used method of accounting for 
body size differences is by dividing muscle strength by body mass. Nevertheless, when 
muscle strength is expressed per unit of body mass, adults still demonstrate a strength 
advantage (Blimkie 1989). This pattern ofresults is seen in various muscle groups and in 
different types of contractions such as isokinetic, isometric and eccentric contractions 
(Jaric et al. 2003, Kellis & Unnithan 1999, Falk et a12009a, Falk et a12009b). 
In accordance with the sliding filament theory, the maximal force a muscle can 
produce is related to its cross-sectional area. Imaging techniques such as ultrasound 
(Kanehisa et al. 1994), magnetic resonance imaging (MRI) (Wood et al. 2004), and 
computed tomography (CT) (Ramsay et a11990) have been used to estimate the cross-
sectional area of muscle in both, adults and children. When the results of single joint 
maximal elbow flexion strength measurements are normalized to the cross-sectional area 
of the muscle, adults still demonstrate greater maximal force compared with children 
(Kanehisa et al. 1995, Halin et al. 2003). This observation indicates that independent of 
size differences, there is something qualitatively different between children and adults in 
the composition of muscle and or in the ability to activate the muscle. 
Various mechanisms have been proposed in the literature in an attempt to account 
in full or in part for the observed differences in muscle strength between children and 
adults. These mechanisms include possible differences in the relative distribution of 
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muscle mass with maturation, biomechanical differences related to tendon attachment 
points and morphological changes that may occur during growth within the muscle, such 
as fibre type conversion. While one or all of these factors may contribute to the strength 
differences seen between children and adults, a likely additional factor is the proposed 
disparity in the ability of children and adults to activate their muscles. 
2.2Mechanisms explaining strength differences between children and adults 
2.2.1Methods of scaling 
Child-adult differences in absolute strength can be accounted for, at least partially 
by body size. Body size can also explain part of the strength difference between adults of 
varying sizes. Strength per unit body mass (e.g. Nlkg) is commonly used as a way to 
make comparison between adults of different sizes (Blimkie 1989). However, among a 
sample of adults, strength normalized to body mass will be greater in the smaller 
individuals (Batterham & George 1997). Therefore it is suggested that body mass may 
not be the ideal scaling factor. 
As mentioned above, strength is proportional to the cross-sectional area of the 
muscle which, assuming geometric similarity, increases proportionally to the square of 
height. Body mass, on the other hand, is proportional to volume (muscle mass) and again, 
assuming geometric similarity, it should increase in proportion to the cube of height. This 
means that when strength is expressed relative to body mass smaller individuals should, 
on average, show greater values. This has been shown to be the case within adults 
(Zoeller et al. 2007). If children were merely small adults, we would expect them to have 
a greater relative strength when the latter is normalized to body mass. However, this is 
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not the case. When strength is normalized to body mass, adults still outperform children 
(Blimkie 1989, Jaric 2003). 
One of the assumptions of this type of normalization is that of geometric 
similarity. However, this assumption does not hold true when comparing children and 
adults. That is, the relative limb lengths and distribution of mass are different between 
children of various ages and adults. Children have proportionately shorter limbs relative 
to their trunk and head, with proportionately less muscle mass at the extremities relative 
to the trunk (Tanner & Whitehouse 1982). Therefore, the dimensionality theory cannot be 
applied when comparing children with adults. 
Another method which is commonly used to compare strength between 
individuals of different body sizes is allometric scaling. Height is a linear dimension and 
the cross-sectional area of a muscle should be proportional to the square of height. 
However, because of the disproportional increase in muscle mass during puberty, this 
relationship is not constant when comparing children and adults (Blimkie and Sale 1998). 
Therefore, a commonly used method of allometric scaling is the use of the theoretical 
scaling exponent body mass to the power of 2/3 or 0.67. This exponent is based on the 
assumption that strength should be proportional to muscle cross-sectional area and mass 
should be proportional to body volume (Jaric 2003). Nevertheless, when scaling 
exponents are empirically derived, the calculated exponents are higher than the 
theoretical exponent of 0.67 (Rauch et al 2002). This finding could be due to the lack of 
geometric similarity mentioned above, a difference in muscle quality (fibre type 
distribution), a difference in the ability of children and adults to activate their muscle or 
some combination of these factors. 
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2.22Biomechanical differences 
Another possible geometric dissimilarity between children and adults may be 
related to differences in the point of the tendons attachment of muscle to bone. The 
greater the distance from the axis of rotation to the muscle insertion, the greater the 
moment arm. This means that for a given force production, the farther the force is applied 
from the axis of rotation, the greater the torque that could be produced about the joint. 
Differences in the relative location of tendon insertions could confound attempts to 
normalize for body size (De Ste Croix 2007). Wood et al. (2006) estimated the size of the 
moment arm at 90° elbow flexion and found that moment arm length accounted for 19% 
of the variance in maximal elbow flexion torque among a group of pre-pubertal children. 
However, at present no data are available examining child-adult differences in the 
locations of tendon insertions. 
2.2.3 Morphological differences 
Morphological differences encompass differences in the architecture of the 
muscle and biochemical differences in its makeup. The simplest form of muscle 
architecture is the strap or fusiform configuration, where the fascicles pull in a straight 
line from the origin to the insertion of the muscle. However, most skeletal muscles are of 
a different configuration, known as pennate. The fascicles in these muscles pull at an 
oblique angle from the origin to a tendon which then inserts into the bone. This type of 
architecture complicates the normalization of strength to muscle cross-sectional area 
(CSA). Specifically, when CSA is measured or is estimated, it is usually the anatomical 
CSA, which is the area of a transverse section of muscle (often the widest point). The 
force produced by the muscle fibre, however, is proportional to the CSA of the 
sarcromeres, which are arranged in parallel, known as the physiological CSA (Folland & 
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Williams 2007). If the angle of pull of the fascicles is anything other than zero with 
respect to the long axis of the muscle then anatomical CSA will under-represent the 
physiological CSA of the muscle (Wickiewicz et al. 1983). Muscle fibres respond to 
resistance training by increasing in width (hypertrophy). The angle of pennation (the 
angle at which the fascicles attach to the tendon) may increase if hypertrophy occurs at a 
rate greater than the rate of increase in length (Binzoni et al. 2001). This is problematic 
for normalization because as the angle of pennation, increases the percentage of muscle 
force that is directed in the line of pull decreases. It has been indirectly demonstrated that 
angle of pennation increases with growth (Kawakami et al. 2006). However, work by 
Morse et al. (2008) has shown no difference in angle of pennation between children and 
adults. Thus, this child-adult difference in pennation angle may be muscle specific 
.Nevertheless, it should be noted that children's possibly smaller angle of penn at ion is to 
their advantage in terms of force production. 
Another possible morphological difference between children and adults involves 
the fibre type composition of the muscle. Muscle fibres are categorised into two main 
types, based on the myosin heavy chain isoform they express (Macintosh et al. 2006). 
This is usually determined in muscle biopsies, stained for myosin ATPase. Contraction 
speed and fatigue properties are also sometimes used to categorize fibre type (Macintosh 
et al. 2006). Because of ethical constraints, there are very limited data on the fibre type 
distribution of children, especially healthy children. From the evidence available, it seems 
that the distribution of fibre type is set shortly after birth and does not change with 
maturation (Bell et al. 1980). There are three studies that have shown a slightly higher 
type I fibre percentage in children compared with adults (Lexell et al. 1992, Elder & 
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Kakulas 1993, Vogler & Bove 1985). Therefore, it has been postulated that children 
might express a greater number of hybrid type IIc that differentiate into type IIa fibre 
with growth or that there is type I to type II conversions (Lexell et al. 1992, Elder & 
Kakulas 1993, Vogler & Bove 1985). Although interesting, these data are far from 
conclusive because they are based on biopsies from children with pathologies or during 
autopsies, and their sample size is small. However, if the finding that children have a 
greater percentage of type I fibres was to be confirmed, it could partially explain the 
lower force per unit CSA and lower rate of force development (RFD, see section 2.3) 
seen in children (Falk et al. 2009a). 
2.2.4Neural activation differences 
While the above mechanisms may play some role in explaining the child-adult 
differences seen in relative muscle strength1 it seems that they are insufficient to account 
for the magnitude of difference that has been consistently observed. Although present, the 
qualitative ,differences in the muscle morphology of children and adults seem to be 
relatively minor. It logically follows then that the degree to which the muscles can be 
activated must be different between children and adults. If this is true then central and lor 
peripheral changes in muscle activation would be expected to occur with maturation. The 
current state of imaging and measurement makes it very difficult to investigate any 
central change in the cerebral cortex. Therefore, most research in muscle activation is 
conducted on the periphery, or downstream mechanisms. 
The number of motor units involved in a contraction and the rate at which they 
are discharging are the two most often investigated mechanisms of muscle activation. 
They can be assessed directly by the use of fine wire electrodes for single motor unit 
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recordings. This technique has the advantage that it gives a very clear picture of the 
activity of a motor unit but it also has disadvantages. It is not feasible to measure the 
activity of every motor unit to get a full picture of the activity of an entire muscle. Also, 
because of its invasive nature it is inappropriate to use with children. 
Electrical stimulation methods, such as the interpolated twitch, have been used to 
assess the degree of muscle activation without separating motor unit recruitment from 
discharge frequency. There have been a small number of studies that have used this 
technique in children but results seem to be equivocal. Belanger and McComas (1989) 
used twitch interpolation to assess differences in muscle activation of the plantar and 
dorsi flexors between pre- and post-pubertal boys. They found full activation of the dorsi 
flexors in both groups. Full activation of the plantar flexors was not achieved by either 
group but no significant effect of puberty was observed. In 1990, Ramsay and colleagues 
investigated the effects of resistance training on activation of the knee extensors and 
elbow flexors of pre-pubertal boys. They found that prior to training, neither muscle 
group was activated fully. After training, there was a trend towards increased motor unit 
activation but this was not statistically significant, possibly due to the large variability 
within the data. The most recent attempt to apply the interpolated twitch technique to the 
study of growth and maturation was a study by Grosset et al (2008), where they used a 
different measure of motor unit activation, known as activation deficit, to examine 
activation differences of the plantar flexors between 7-11 year old children and adults. 
Activation deficit is calculated by dividing the torque achieved by a maximal stimulation 
during a maximal voluntary contraction (MVC) by the torque of the MVC prior to the 
stimulation. This value, minus one is expressed as a percentage. The results of this study 
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show a significant decline in activation deficit with increasing age, until adulthood. The 
data presented in these studies suggest that, compared with adults, children are less able 
to activate some muscles during maximal isometric contraction. 
All of the research conducted to date on muscle activation has used single joint 
isometric contractions which, from a motor control point of view are the simplest type of . 
maximal movement. It is possible that if motor unit activation could be assessed during 
more complicated multi-joint dynamic movements, clearer differences would be observed 
between children and adults. 
2.2.5 Co-activation Differences 
Co-activation differences between children and adults which may be viewed as 
neural differences, may also explain child-adult strength differences. Co-activation 
occurs when the antagonist muscle contracts at the same time as the prime mover, 
thereby reducing the total torque about the joint. Some degree of co-contraction is 
necessary to prevent injury and to provide joint stability, especially with more complex 
and rapid movements (Folland & Williams 2007). It is hypothesised that despite the 
necessity for some degree of co-activation, the latter decreases with maturation, as well 
as with training, leading to more efficient movements (Bassa et aI, 2005, Gabriel et al. 
2006). This idea has been supported by some findings of greater co-activation in children 
(Bassa et aI, 2005, Frost et al. 1997), although there are also reports of no age-difference 
in co-activation (Kellis & Unnithan 1999). This inconstancy in the literature may be 
explained by the different types of contractions and muscles examined. During a simple 
movement, such as single joint isometric contraction, or during a low velocity movement 
at isolated joints, no differences in co-activation are apparent (Kellis & Unnithan 1999). 
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This is because from a motor control point of view, coordinating these types of 
movements is much easier than multi-joint, dynamic contractions. Based on work by 
Grosset and colleagues (2008), who examined co- activation at different percentages of 
MVC in the planter flexors of children and adults, it appears that the greatest co-
activation occurs at sub-maximal force levels. Co-activation differences during 
submaximal contractions would have a greater impact on economy of movement than on 
maximal muscle strength. 
2.3 Other strength-related differences between children and adults 
Aside from differences in the maximal force produced by muscles or the torque 
that is produced about joints, there are also other characteristics of force production that 
are different between children and adults. One of these characteristics is the rate at which 
force is developed during a contraction, or the rate of force development (RFD). The 
RFD during isometric elbow flexion has been observed to be greater in adults when 
compared with children (Asai and Aoki 1996, Falk et al. 2009). This is partly explained 
by its correlation with maximal force production. However, even when RFD is 
normalized to account for differences in maximal force, adults still show a greater RFD 
compared with children (Asai and Aoki 1996; Falk et al. 2009). It appears that, as with 
maximal force, there is a combination of neural and morphological factors that explain 
the difference in RFD between children and adults. 
Morphologically, it has been reported that tendon compliance is greater in 
younger individuals (Kubo et a12001, Lambertz et aI2003). The more compliant a 
tendon is the slower it is able to transmit force from the muscle to the bone resulting in a 
lower RFD. From a neural aspect as mentioned above, some studies have found that 
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children cannot fully activate their muscles (Grosset et al2008, Ramsay et aI1990). It 
could then be postulated that it would take longer to elicit maximal recruitment or firing 
rate because of incomplete activation. This could be due to less central drive or lower 
motor unit excitability. 
Along the same lines, if a muscle was not fully activated then according to the 
size principle, the largest type II motor units would be the ones that were inactive or not 
firing at maximal rate (V ~;IIestad et al. 1992). These fibres are known to have the greatest 
shortening velocity (Larsson & Moss 1993). Thus, this could also contribute to lower 
RFD in children. Support for the greater activation of larger type II motor units in adults 
comes from work done by Halin et al. (2003), who showed that 10 year old boys had a 
lower EMG mean power frequency and muscle fibre conduction velocity during 30 
second isometric elbow flexion then adult men. Both of these measures are known to be 
related to greater percentage type II fibres (Beck et al 2007, Farina et al. 2007). Since 
fibre type distribution is thought not to change with growth and maturation (Bell et 
a1.l980), it could be inferred that the observed differences in mean power frequency and 
muscle fibre conduction velocity are due to incomplete activation of type II motor units 
in children. 
Another strength- and muscle activation-related property that has been shown to 
be different between children and adults is the electro mechanical delay (EMD). The 
EMD is the delay between the onset of muscle activity, as measured by EMG, and the 
onset of force production. EMD has been reported to be longer in children then in adults 
(Asai and Aoki 1996, Falk et al. 2009). As with RFD, there are both a morphological and 
an electrophysiological explanation. Because children's tendons are more compliant then 
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those of adults (Kubo et a1200l, Lambertz et al2003), it will take longer for force 
produced by a muscle to be translated into joint torque. The conduction velocity of the 
muscle could also have an effect on the EMD because larger fibres have a greater 
velocity of conduction (Halin et al. 2003). 
2.4 Resistance training 
Resistance training is defined as purposeful repeated body movements with a load 
greater then what would be encountered during normal activity (Folland & Williams 
2007). In adults, resistance training, along with a positive nitrogen balance can be a 
powerful stimulus for muscle hypertrophy, or increases in muscle size (Folland & 
Williams 2007). When strength is measured during the course of a resistance training 
program it is commonly found that strength increases rapidly at the beginning of training, 
prior.to hypertrophy (Sale 1989). Although protein synthesis has been observed to be 
elevated after only one training session, it is unlikely that changes of such small 
magnitude in protein synthesis could be responsible for the changes observed in 
maximum strength (Phillips 2000). Thus, the early increases in strength are often 
suggested to be a result of neural adaptation. This adaptation is hypothesized to occur 
between the brain and the nervous innervation of the muscle. Possible adaptations could 
include greater drive from the central nervous system, greater excitability of the 
peripheral nervous system at the level of the spinal cord or of the motor neuron, or a 
combination of both adaptations. 
2.4.1 Possible sites of Neural Adaptations 
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Neural adaptations are thought to explain differences in force production not 
explained by morphological differences, both after resistance training and as a result of 
maturation. While neural adaptations have been researched more as a result of resistance 
training, it is likely that some of these adaptations would also account for strength 
changes with maturation. 
Peripherally, an increase in force can be a result of either recruitment of 
additional motor units or of changes in the motor unit firing strategy (rate coding). 
During slow isometric contractions, all the motor units in a muscle are recruited by 
around 80% MVC (Felici 2006). During ballistic contractions, full motor unit recruitment 
is not immediately achieved (Sbriccoli et al. 2003). It has been hypothesized that 
resistance training could lead to greater motor unit excitably which would allow for 
easier recruitment of large type II motor units and possibly, greater RFD and speeds of 
contraction (Felici 2006). 
In the absence of hypertrophy, increases in maximal motor unit firing rate may 
also explain increases in force production after resistance training. It has been shown by 
Patten and colleagues (2001) that in adults, just one week of resistance training in the 
little used abductor digiti minimi muscle resulted in both increased strength and increased 
motor unit firing rate. Interestingly, at the end of the six week training period, strength 
continued to increases whereas motor unit firing rate returned to near pre-training levels. 
The authors suggested that there may be a two-phase response of motor unit firing rate to 
training, where there is an initial increase in firing rate which is attenuated later in 
training when another, unknown mechanism plays a more important role. Motor unit 
firing rate has not been studied in children. 
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Aside from enhancing MVC force, motor unit rate coding can affect other 
parameters of muscle contraction, such as RFD or speed of contraction. One mechanism 
that has been proposed as an explanation of increased RFD with training is doublet 
discharge, which is a short motor unit inter-spike interval in the very early stages of 
contraction (Aagaard et aI2002). The frequency of doublet discharge has been shown to 
increase following resistance training in conjunction with an increase in the speed of 
dynamic contractions in adults (Van Cutsem et al. 1998). Another rate coding strategy 
that may be affected by resistance training is motor units synchronization or the tendency 
for motor units to fire together. Semmler and Nordstrom (1998) used a cross-sectional 
approach to show that weightlifters had greater motor unit synchronization than sedentary 
subjects. It was then suggested by Felici (2006), based on the above study and work from 
his own lab, that motor unit synchronization is of little importance for maximal force but 
the firing of many motor units together early in a contraction may be important in 
increasing the RFD or speed of contraction. 
The actual mechanisms and sites of the adaptations which modulate rate 
coding strategies remain to be fully elucidated. It is possible that increases in the 
excitability of the alpha motor neurons may result in higher motor unit discharge rates but 
it has not been conclusively demonstrated that resistance training alters motor unit 
excitability (Gabriel et al. 2006). Del Balso and Cafarelli (2007) investigated the effects 
of four weeks of isometric plantar flexion training on strength and neuromuscular 
characteristics in adult men. They found that the short training period significantly 
increased the EMG amplitude and rate of activation in the agonist muscle. This indicates 
that more motor units within the muscle were being recruited or recruited at a greater rate 
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after training. However, this observation does not elucidate whether the adaptation occurs 
centrally, peripherally, or both. 
Del Balso and Cafarelli (2007) also used electrical stimulation to measure the M-
wave, H-reflex and V-wave of~e soleus muscle before and after training. The M-wave is 
the wave recorded with EMG during maximal stimulation and was used to normalize the 
H and V waves. The H-reflex is elicited when a weak electrical stimulation causes 
excitation of the Ia afferent neurons but is too weak to directly excite the alpha motor 
neuron. The Ia afferent synapses with the alpha motor neuron and leads to a motor 
response, as well as an electrical response detectible with EMG. The H-reflex is 
considered a measure of spinal cord excitability. In the above study (Del Balso and 
Cafarelli 2007), the H-wave did not change after 4 weeks of training, suggesting that 
resistance training does not affect spinal cord excitability. The V-wave occurs when the 
H-reflex is evoked during a voluntary contraction. Isometric training resulted in a 
significant increase in V-wave amplitude (Balso and Cafarelli 2007). The authors 
interpreted the increased V 1M and unchanged HIM ratios as evidence of increased drive 
above the level of the spinal cord. They cited greater orthodromic (from soma to axion 
terminals) potentials from voluntary drive compared to constant (pre- and post-) evoked 
antidromic (towards the soma) potentials as evidence of greater central drive. 
There have also been cross-sectional investigations that have investigated possible 
neural differences in trained and untrained adults. del Olmo and colleagues (2006) used 
trans cranial magnetic stimulation (TMS) to artificially increase neural drive during 
voluntary contractions. They found that a group of adult men with at least two years 
resistance training experience showed less of an increase in muscle force during TMS 
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then an untrained group. This finding suggests greater central drive in resistance-trained 
adults. No such studies have been conducted in children. 
In children, it was long assumed that because of low concentrations of androgens 
prior to puberty, that hypertrophy with resistance training was impossible. Hypertrophy 
may occur (Fukunaga et a11992) although most studies have shown no hypertrophy in 
children as a result of resistance training (Falk and Tenenbaum 1996). Nevertheless, even 
with an absent or limited hypertrophic response, children display an increase in strength 
following resistance training (Ramsay et al. 1990, Falk and Tenenbaum 1996). Due to the 
lack of evidence to support hypertrophy or morphological changes, such as fibre type 
conversion, it appears that neural adaptations are likely the main explanation for the 
strength increase seen in children with resistance training (Ramsay et al. 1990). These 
adaptations would be similar to those hypothesized to occur with maturation, such as an 
increase motor unit recruitment and firing rate. 
There has been very little investigation into the interaction of growth and 
resistance training and its effect on muscle strength in children. Many of the changes that 
occur with resistance training in adults are likely similar to those that occur with growth 
and maturation. However, few studies have examined the effects of resistance training 
interventions on neural adaptations in children (Ramsay et al. 1990, Ozmun et al. 1994). 
Ramsay et al. (1990) showed that 20 weeks of full body resistance training in pre-
pubertal boys resulted in strength increases without detectable hypertrophy and a non-
significant trend towards greater muscle activation, as measured with the interpolated 
twitch technique. Ozmun et al. (1994) found that eight weeks of resistance training of the 
biceps brachii in pre-pubertal boys and girls resulted in increased strength, as well as 
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greater biceps integrated EMG, in the absence of changes in arm size or skinfold 
thickness. Both of these studies suggest that neural adaptations playa role in the strength 
increase seen after resistance training in children. 
It has been established that resistance training is safe and effective for increasing 
muscle strength, even in young children (Behm et al. 2008). While a comparison of 
resistance-trained versus untrained children may shed some light on the effects of 
resistance training in children it is difficult to find a young population that has been 
training for a sufficient amount of time and at a sufficient intensity to be considered 
resistance-trained (Falk & Eliakim 2003). 
Power training is any type of training that involves repeated movements of a 
mass at a high velocity. Adults who are power-trained show similar training adaptations 
to resistance-trained adults. These adaptations include greater strength and RFD, when 
compared with the untrained population (Lattier et al. 2003). Often, power training is 
thought of as only Olympic style weightlifting and plyometrics. In fact, power training 
can encompass a large variety of activities, as long as they involve the rapid movement of 
a mass. Using this definition, gymnastics training involves considerable power training. 
Gymnasts move a mass (their body) as fast as possible to gain maximum height, rotation, 
or distance; as is required for a given movement. Gymnastics is also unique in that its 
training focuses on both the upper and lower body. To date, there has been one study 
(Halin et al. 2003) that compared male 10 year old gymnasts with age-matched untrained 
boys. It was found that the gymnasts were stronger then the controls. However, when 
strength was normalized for muscle CSA, the strength difference did not reach 
significance, possibly due to the small samples size (n=6). The gymnasts also showed a 
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significantly higher mean power frequency of the EMG signal during maximal elbow 
flexion. This was suggested by the authors as an indication of greater type II fibre 
recruitment. 
In summary, children are weaker than adults even after body size is accounted for. 
It is hypothesized that neural difference between children and adults may partially 
account for these relative strength discrepancies. Resistance and power training in adults 
result in increased maximal strength and rate of force development. These performance 
changes are accompanied by several neural adaptations. In children, resistance training is 
effective in increasing maximal strength, with minimal or no hypertrophy. While it is 
believed that the mechanism of the increase in strength may be neural, it has not been 
clearly demonstrated. Furthermore, while explosive training is known to increase RFD in 
adults, probably due to neural mechanisms, the effects of explosive training in children 
are less well established. 
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Chapter 3: METHODS 
3.1 Subjects 
The study was cross-sectional in design, consisting of two groups of boys -
control (N=17) and trained (N=9), and two adult groups - control (N=20) and trained 
(N=17). More specifically, these four groups included pre- and early-pubertal non-
athletic boys, pre- and early-pubertal power-trained boys, non-athletic young adults and 
power trained young adults. Each group included subjects who are free of any injuries or 
conditions that would limit their exercise performance. The boys were between the ages 
of 7-11 years and self-classified as pubertal stage 1 or 2 (Tanner 1962). Boys in the 
untrained group were involved in no more than 2 hours per week of structured physical 
activity or sport. Boys in the power-trained group were involved in 16.7±O.5 hours per 
week of power training activities (gymnastics) and were involved at this level for at least 
one year prior to testing. They were involved in some form of gymnastics training for 
5.5±2.1 years. The untrained men did not participate in any resistance or endurance 
training but some subjects were recreationally active up to 2 hours per week. The power-
trained men were not involved in any endurance training and were involved in 8.7±2.8 
hours per week of power training (in addition to their sport-specific training). Power 
training was defined as training where the goal is to move a heavy load at the maximal 
possible velocity and included wrestling, rugby and weightlifting. The power athletes 
were involved in this type of training for an average of 6.8±2.9 years prior to their 
participation in the study. 
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The study and its procedures were approved by the Brock University Research 
ethics Board (file # 05 - 155). All adult subjects and parents or guardians of minor 
subjects provided informed consent to participation in the study. 
3.2 Procedure 
Subjects made two visits to the laboratory of approximately 1.25 hours each, 
which were separated by 1-7 days. On their first visit, subjects filled out medical and 
physical activity/training questionnaires. The boys also self-assessed their pubertal stage, 
based on secondary sexual characteristics (Tanner 1962, Duke 1980). Anthropometric 
measurements of height, body mass, sitting height, and limb lengths and circumferences 
were recoreded. Sitting height was be used to estimate the age of peak height velocity 
(PHV), according to Mirwald et al. (2002). Skinfold thickness was also measured to 
estimate percent body fat and lean limb volumes. Ultrasound was also used to assess to 
the biceps, triceps, quadriceps and hamstrings muscle depth. The subjects were then 
familiarized with the testing apparatus and procedures by performing five maximal 
voluntary isometric contractions (MVC) for each of the four movements (elbow and knee 
flexion and extension). 
During their second visit subjects performed a light specific warm-up and 10 
maximal repetitions for each movement, in a counterbalanced order. Warm-up consisted 
of 5 isometric contractions of increasing intensity. Maximal repetitions were performed 
in two sets of 5 MVCs, with a 2 min rest between sets. The subjects were instructed to 
contract "as fast and forcefully as possible" and were verbally encouraged throughout the 
testing session. Subjects were asked to refrain from intense physical activity for 48 hours 
prior to the experimental session. 
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3.4 Anthropometry 
Height and sitting height were measured using a stadiometer (Ellard 
Instrumentation Ltd.) and recorded to the nearest 0.1 cm. Body mass was measured using 
a digital scale (Zenith) and recorded to the nearest 0.1 kg. Skinfold thickness was 
measured in triplicate using Harpenden calipers (British Indicators, Herts, England) and 
the median value at each site was used for further calculation. Biceps, triceps, 
subscapular and suprailiac skinfold sites will be used. Adiposity (percentage of body fat) 
was estimated from the appropriate skinfold measurements, using age- and maturity-
specific equations, as described by Slaughter et al. (1988) for the boys and by Durnin & 
Wohmersley (1974) for the adults. As well, circumference and length of the upper arm 
and thigh were determined using standardized methods (Lohman et al. 1988), for 
calculation of the arm CSA. 
Muscle depth was measured using B-mode ultrasound (System5, GE Vingmed, 
Horten, Norway), with 5 MHz linear-array probe. For the upper arm measurements, the 
probe was positioned over the bellies of the biceps brachii and the triceps brachii at 60% 
of the distance from the acromion process to the lateral epicondyle of the humerus. For 
measurements of the thigh, the probe was placed over the bellies of the rectus femoris 
and biceps femoris at 50% of the distance between the greater trochanter and the lateral 
femoral condyle. Images were captured, stored and analyzed off-line. The muscle depth 
was defined as the distance from the bone-muscle interface to the beginning of the 
muscle-subcutaneous fat interface. 
Pubertal stage was self-assessed, based on secondary sexual characteristics (pubic 
hair), based on the criteria of Tanner (1972). Children were provided with drawings of 
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the different stages (appendix D) and asked to circle the drawing that looked most like 
them, based on public hair development. 
3.3 Measurements 
3.5.1 Muscle strength 
All strength testing was performed on a Biodex system 3 dynamometer. Subjects 
were positioned in the Biodex chair so that their back was against the back rest and thighs 
were supported by the chair for their entire length. The subjects were secured into the 
chair to prevent movement or activation of stabilizing muscles other than those of 
interest. Two straps over the shoulders and crossing over the chest, as well as a waist 
strap were used for the elbow trials. Additionally, a strap crossing the leg being tested at 
mid-thigh was used for the knee trials. 
For the elbow trials, the shoulder was flexed at 90°. The elbow was supported by 
a padded attachment. The subjects then gripped a handle adjusted to the length of their 
forearm, with their hand in the neutral position. The axis of rotation of the dynamometer 
was lined up with the lateral epicondyle of the humerus. 
For the knee trials, the knee joint was positioned at 90°. The dynamometer axis of 
rotation was aligned with the midpoint between the femoral and tibal condyles. The 
dynamometer attachment arm was adjusted so that it reaches the subject's ankle and was 
tightly fastened to the lower leg with a padded Velcro strap. 
3.5.2 Electrode placement 
The skin was prepared for electrode placement by first shaving the area to remove 
any hair and dead skin. The area was then treated with an abrasive gel until slight redness 
appeared. Finally the skin was cleaned with isopropyl alcohol. All electrodes were 
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attached parallel to the direction of the muscle fibres. For the elbow trials, the electrodes 
were placed on the belly of the biceps brachii and on the lateral head of the triceps 
brachii. For the knee trials, the electrodes was placed on the medial aspect of the vastus 
lateralis and on the belly of the biceps femorus. The electrodes were dabbed with 
conductive gel and fastened in place with an adhesive strip and were further secured 
(along with a loop of the electrode wire) with medical tape. This was to prevent 
movement or interference that could be caused by the electrode wire pulling on the 
electrode. 
3.5.3 Recording apparatus 
The EMG signal was recorded for both the agonist and antagonist muscles using a 
Delsys (Boston, MA) Bagnoli EMG system. The bipolar DE-2.1 differential surface 
electrodes were used (lmm X lOmm Ag electrodes, inter-electrode distance lOmm). The 
signal was then amplified 1000 times by a Bagnoli amplifier (frequency response range 
20-450 Hz, CMRR 92 dB). An analog-to-digital (A-to-D) card was used to transfer the 
signal to a personal computer where it was sampled at 1000 Hz, using Delsys 
EMGWorks acquisition software. The torque signal from the Biodex was also 
transformed with the A-to-D card but was not amplified. The amplitude of the torque 
signal was scaled at the Biodex to use as much of the Biodex's output range as possible. 
3.5.4 Signal averaging 
The raw force signal was smoothed off-line by creating a new waveform which 
takes every tenth point from the original signal and connects them with a smooth line, 
using a 10Hz low pass second order Butterworth filter. This was done to minimize non-
physiological electronic noise introduced by the Biodex. For each trial, the first derivative 
of the force with respect to time was taken and stored in a separate channel (the RTD 
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channel). Of the 10 trials recorded for each movement type for each subject, the best five 
were averaged and analyzed (see criteria below). Trials were rejected if they did not have 
a stable baseline, if subjects contracted the wrong muscles (e.g., flexion instead of 
extension), or if there were visible artefacts. For the trials that were not immediately 
rejected, a composite score was calculated, based on its peak force and the peak RTD. 
The five trials with the highest scores were used in further analysis. The onset of force 
was defined as the first point in time where the RTD reached above 10% of baseline for 
at least 100 ms. This point was confirmed visually and adjusted manually if needed. An 
average waveform was created by aligning the 5 highest scored trials on their force onset 
and then averaging them point by point. The average waveform consisted of 400 ms prior 
to the force onset and 3000 ms afterwards. The agonist and antagonist raw EMG signals 
were rectified and low pass filtered with a 50Hz second order Butterworth filter. The 
EMG signals were averaged based on the force onset to create average waveforms, time-
locked to the torque average waveform. 
3.5.5 EMG variables 
All EMG and force variables were assessed based on the average waveforms 
described above. The onset of activity for the EMG channels was set at the point in time 
where the signal first increased 5 standard deviations above the mean of the baseline. The 
delay between the onset of EMG activity and the onset of force (described above) was 
defined as the electromechanical delay (EMD). The peak rate of torque development was 
defined as the peak of the 1st derivative of the force signal. The area under the rectified 
agonist EMG curve for the first 30 ms after the onset of activity was defined as the Q30. 
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EMG amplitude during peak force was defined as the average EMG value for 250 
ms, centered on the time of peak force. Co-contraction was calculated by dividing the 
average EMG value obtained for the antagonist by that obtained for the agonist during 
each movement. Co-activation was calculated by dividing the average EMG value 
obtained for the antagonist by the value obtained when that muscle was acting as an 
agonist. 
3.7 Statistical analysis 
All torque values were normalized to body size. Rate variables (e.g., RTD, 
Q30) were normalized to maximal values (e.g., peak torque, peak EMG amplitude, 
respectively). Each contraction type was analyzed separately. For all variables, 
differences between means were examined using a two-factor ANOV A. The between-
subject factors were age (child, adult) and training status (power-trained, untrained). 
Differences in mean torque between groups were also examined using a two-factor 
ANCOV A, with muscle depth as the covariate. Relationships between variables were 
examined using Pearson product-moment correlation coefficient. Outcome variables from 
the four contraction types were analyzed together using a three-factor mixed ANOVA 
with age (child, adult) and training status (power-trained, untrained) as between subjects 
factors and with contraction type (elbow flexion, elbow extension, knee flexion~ knee 
extension) as a within subject factor. Data were analyzed using SPSS version 16.0 and 
are presented as means ± SD, with significance set at p < 0.05 (2-tailed). 
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Chapter 4: RESULTS 
Although data were collected for knee and elbow flexion and extension, the 
results section will only address data from elbow flexion. A similar pattern was observed 
for the other three contraction types (see appendix for details). 
Subject characteristics appear in Table 1. Children were significantly smaller than 
adults in all anthropometric measures. However; children had a similar relative body fat 
to the adults. The adult athletes were significantly larger than the non-athlete controls. 
The child athletes were of similar size to the non-athlete controls, with the exception of a 
larger triceps depth. The child athletes and controls were similar in somatic maturity, 
expressed as years from peak height velocity (PHV), as well as in sexual maturity, as 
determined by secondary sexual characteristics. 
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Children Control Children Power Adult Control Adult Power Effect 
n 17 9 20 17 
Age (y) 1O.0±l.S 9.3±1.3 22.9±4.5 23.0±3.l Age 
Years From PHV (y) -3.32±0.74 -3.74±0.S6 - - -
Sexual maturity (stage 11,6,0,0,0 4,5,0,0,0 - - -
~,II, III, IV, V) 
!Height (cm) 139.5±S.9 134.S±S.6 IS0.6±7.4 17S.S±7.4 Age 
~ass (kg) 34.1±7.5 29.0±5.1 SO.5±12.5 S9.S±1O.6* Age, A*T 
Upper Arm CSA (cm") 27.3±6.1 27.9±4.3 6S.3±11.3 92.1±12.9* Age, A*T, 
Training 
Thigh CSA (cm") 15.l±2.6 15.7±6.3 37.3±91.5 59.3±13.5* Age, A*T, 
Training 
BB Depth (mm) IS.6±3.0 IS.7±3.6 31.2±4.2 40.3±6.5* Age, A*T, 
Training 
TB Depth (mm) 17.S±2.S 21.6±3.3* 31.0±5.7 42.4±4.9* Age, A*T, 
Training 
BF Depth (mm) 3S.6±5.9 39.7±3.5 52.7±7.3 60.6±6.2* Age, A*T, 
Training 
VL Depth (mm) 26.5±2.S 2S.0±3.3 40.4±7.3 52.6±7.3* Age, A*T, 
Training 
Body Fat (%) 17.6±6.4 13.6±3.2 17.9±4.S 16.2±3.S Training 
LBM (kg) 27.S±4.4 25.0±4.2 65.7±S.1 75.0±6.9* Age, A*T 
Table 1. SUbject Characteristics 
Values are mean ± SD. Age= main effect for age p:SO.05. Training= main effect for 
training p:SO.05. A *T= age, training interaction p:SO.05. *= training difference within age 
group p:SO.05. PHV=peak height velocity, CSA= cross sectional area, BB= biceps 
brachii, TB= triceps brachii, BF= biceps femoris, VL= vastus lateralis 
The adult were significantly stronger then the children (Figure 1). There was a 
main effect for training, reflecting that on average, the athletes were stronger than 
controls. More importantly, there was an age-by-training interaction, with the adult 
athletes significantly stronger then adult controls. The difference between child athletes 
and non-athletes was not significant. The same pattern of results was observed when 
torque was corrected for biceps brachii depth (Figure 2) 
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Figure 1. Absolute Elbow Flexion Torque - Error bars are 1 SD. *= main effect for 
age p:SO.05. t= main effect for training p:SO.05. #= training difference within age group 
p:SO.05. 
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Figure 2. Elbow Flexion Torque Corrected to Biceps Brachii Depth - Error bars are 1 
SD. *= main effect for age p:SO.05. t= main effect for training p:SO.05. #= training 
difference within age group p:SO.05. 
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When RTD is expressed absolutely there are significant main effects for age and 
training, with higher values observed in the adults and power trained groups (Figure 3). 
As was the case for peak torque, an age-by-training interaction was found, with the RTD 
being significantly higher in the adult athletes compared with the adult control group. 
Differences in peak RTD between child athletes and non-athletes were not significant. 
The RTD normalized to peak torque was significantly higher in the adults and in the 
athletic groups, contributing to significant age and training main effects. No significant 
age-by-training interaction was observed (Figure 4). 
Children Adult 
• Control D Power 
Figure 3. Elbow Flexion Absolute RTD - Error bars are 1 SD. *= main effect for age 
p::;O.05. t= main effect for training p::;O.05. #= training difference within age group 
p::;O.05. 
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Figure 4. Elbow Flexion RTD, normalized for peak torque - Error bars are 1 SD. *= 
main effect for age p~O.05. t= main effect for training p~O.05; # = training difference 
within age group p~O.05. 
When normalized to peak torque, RTD was significantly correlated (r=O.67) to 
Q30 normalized to peak EMG. This correlation was also significant within each age group 
with (See table 2 for all correlations). 
T bl 2 Elb FI . C a e . ow eXlOn I' S orre atIon ummary 
Overall Children Adults 
Peak Torque and Peak 
EMG 0.49 0.1 0.06 
Q30 and Peak RTD 0.56 0.44 0.45 
Normalized Q30 and 
Normalized RTD 0.59 0.65 0.53 
Q30 and EMD -0.40 -0.53 -0.48 
.. Values in bold represent sIgmficant correlations p~O.05. 
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The absolute and relative Q30 showed main effect for age and for training, with 
higher values observed in the adult and in the athletic groups (Figures 5 and 6). There 
was no significant age-by-training interaction in either the absolute or normalized Q30. 
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Figure 5. Biceps Brachii Absolute Q30during Elbow Flexion - Error bars are 1 SD. 
*= main effect for age p:SO.05. t= main effect for training p:SO.05 
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Figure 6. Biceps Brachii Q30' normalized for peak EMG amplitude - Error bars are 1 
SD. *= main effect for age p:'SO.05. t= main effect for training p:'SO.05 
Co-activation was O.83±OA5 and O.51±0.30 in the child control and power groups 
and was O.66±.50 and OAO±O.15 in the adult control and power groups. There was a 
significant effect of training, with co-activation being lower in the athletes. 
The time from the detected onset of force to the peak RTD was significantly 
longer in the children (control= 93.3±21.8, athletes=82.3±17.6 ms) than in the adults 
(control=69.0±12.2, athletes=65A±7.9 ms). There was no significant effect of training. 
The EMD was longer in the children and shorter in the trained group (see figure 7). 
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Figure 7. Biceps Brachii EMD - Error bars are 1 SD. *= main effect for age p:SO.05. t= 
main effect for training p:SO.05 
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Chapter 5: DISCUSSION 
The most consistent finding of this study was that even when muscle size is taken 
into account men were significantly stronger than boys across all tested movements. The 
adults who had undergone power-training were significantly stronger than the 
recreationally active men both, absolutely and after correction for agonist muscle size. In 
the boys, training did not appear to have a significant effect on absolute strength or on 
strength relative to muscle size in any of the tested movements. The rate of torque 
development (RTD) was much higher in the men than in the boys and in the power-
trained men than in the untrained men. When normalized to peak torque, the men still 
showed higher RTD compared with the boys. Additionally, the athletes displayed a 
greater RTD compared with non-athletes, in both age groups. The rate of muscle 
activation (Q30) was measured as a possible explanatory variable for RTD. When 
normalized to peak EMG amplitude, Q30 was indeed found to be correlated with 
normalized RTD. Q30, absolute and relative to peak EMG amplitude, was higher in the 
men compared with the boys and in the trained compared with the untrained subjects in 
both age groups. The EMD was found to be longer in the children and in the untrained 
group when compared to adults and to the power-trained group, respectively. Thus, the 
lower Q30 and longer EMD may explain the lower RTD in the boys compared with the 
men. Likewise, these factors may also explain the lower RTD in the untrained compared 
with the trained subjects. 
Notwithstanding the inherent limitations of a cross-sectional design, possible 
explanation for the differences in relative force production between children and adults 
are differences in muscle composition and in muscle activation. There have been limited 
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investigations that attempted to directly assess the ability of children and adults to 
activate their muscles during maximal contractions. Grosset and colleagues (2008) 
showed that during plantar flexion, 7 year old pre-pubertal children were less able to 
activate their triceps surae muscles compared with adults and older children. Grosset et 
al. (2008) used a method known as activation deficit, where a supra-maximal twitch is 
imposed on the muscle during an MVC. The activation deficit, which reflects the 
difference between the voluntary and the total force, was found to be greater in the 
youngest boys. The present study did not directly measures activation at maximal force 
levels. However, our finding of greater normalized torque in adults compared with 
children is in line with the work by Grosset et al. (2008). 
The limited work to date on muscle fibre-type distribution shows similar rnuscle 
composition in children and in adults (Bell et al. 1980; Dubowitz 1965). However, due to 
ethical constraints, definitive studies on muscle composition in children have not been 
conducted. Even if fibre-type distribution stays constant after early childhood, it is 
possible that that there may be a shift in the percentage of type II fibre area. In adults, 
resistance training has been shown to result in a greater hypertrophic response in type II 
compared with type I fibres (McCall et al. 1996). This can lead to a greater type II fibre 
percentage area, without necessarily changing muscle fibre type composition (McCall et 
al. 1996). It has also been shown that a lower type II fibre relative area and higher 
relative type I area are related to lower force and lower normalized RFD in the elderly 
(Korhonen et a12006). Although not measured in the present study, lower type II fibre 
area in children could explain the lower peak torque and normalized RTD seen in the 
children compared with the adults. 
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Differences in muscle activation could explain the observed differences in 
relative force production between children and adults, as stated above, as well as the 
difference between the athletes and non-athletes. However, muscle activation was not 
directly measured at the time of peak torque in this study. Muscle activation during MVC 
is most often assessed using the interpolated twitch technique. Using this technique, small 
increases in muscle activation have been demonstrated in adults after resistance training 
(Knight and Kamen 2001). Likewise, differences between power-trained and sedentary 
men have also been shown (Lattier et al. 2003). Enhanced muscle activation in the trained 
men could explain the differences in peak torque observed between the trained and 
untrained men in the current study. Nevertheless, the higher peak torque in the athletes 
could also be due to a pre-existing (genetic) ability in the athletes to activate their 
muscles to a very high degree, leading them to their athletic success. 
The interpolated twitch technique has not been used to examine muscle activation 
differences between trained and untrained children. However, Ramsay et al. (1990) used 
this technique to assess muscle activation in the knee extensors and elbow flexors before 
and after 20 weeks of resistance training in pre-pubertal boys. The study was not able to 
demonstrate a significant increase in muscle activation after the training period, although 
there was a trend towards increased activation. The study did show large strength 
increases, which the authors concluded were partially attributed to increased muscle 
activation. 
A surprising finding of our study was that there was no observed difference in 
absolute or relative torque between the trained and untrained children. The lack of 
difference in absolute torque may be partially explained by the larger body size (not 
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significant) of the untrained compared with the trained boys (Table 1). Halin et al. (2002) 
compared elbow flexor strength per CSA (anthropometrically determined) between six 
pre-pubertal gymnasts and six untrained children. They found higher relative force values 
for the gymnasts compared with the untrained boys. However, these differences were not 
statistically significant. In the present study, peak torque per anthropometrically 
determined CSA was also similar in the two groups of boys. It should be noted that in 
gymnastics, while strength is considered a valuable asset, most of the skills are explosive 
in nature and require a high rate of force development, rather than high peak force. Thus, 
the muscular adaptation that would be the most useful to gymnasts would be an increase 
in the rate of force development (the force exerted in a given amount of time). In the 
present study the normalized RTD was greater in the gymnasts compared with the 
untrained boys, reflecting that more torque (relative to maximal strength) could be 
produced in a given amount of time. This characteristic would be instrumental for 
gymnastics performance. 
It should be noted that in gymnastics, athletes are required to move their body 
mass, as entailed in the different skills. Indeed, when peak torque was expressed relative 
to body mass, the gymnasts showed an advantage in torque production. 
In addition to muscle activation, another possible neural mechanism that could 
affect relative force production would be antagonist co-activation. The present study 
found low levels of co-activation for all contraction types, with the exception of elbow 
flexion (see discussion below). However, generally there were still significant differences 
or trends for greater co-activation in the boys compared with the men and in the untrained 
compared with the trained groups. It is possible that these small differences in co-
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activation were partially responsible for the observed differences in relative torque 
production between these groups. 
The current study confirmed the Asai and Aoki (1996) and Falk et al. (2009) 
findings that greater normalized rates of force development are seen during elbow flexion 
in men when compared with boys. This study also showed that this pattern holds true in 
other muscle groups. Large differences were observed in the absolute RTD between the 
boys and the men, as well as between the trained and untrained men. Although there was 
a significant main effect for training, the pairwise comparison between the two groups of 
boys did not reach statistical significance. The lack of a significant difference is probably 
related to the similar peak torque values recorded for both groups, which in tum are 
probably related to the trend toward larger body size in the untrained boys compared with 
the gymnasts. 
Because of the effect of body size, some form of normalization must be applied in 
order to compare groups of different sizes. The most common method seen in the 
literature is normalization of RFD to MVC. This method is often used in intervention 
training studies (Aagaard et al. 2002), as well as in cross sectional studies. For example, 
Asai and Aoki (1996) reported lower normalized RFD in boys compared to men, while 
Korhonen and colleagues (2006) reported higher normalized RFD in young adult 
sprinters compared with elderly sprinters. In the present study, we observed greater 
normalized RTD in the men compared with the boys and in the gymnasts compared with 
the untrained boys. Differences between trained and untrained men did not reach 
significance, possibly due the small sample size and high variability. 
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Another factor which could theoretically affect RTD is muscle length. Since 
human sarcomeres are of a relatively consistent length, longer muscles will have more 
sarcomeres arranged in series. When activated, the muscle will shorten at a faster rate 
than muscles with less sarcomeres in series (Burkholder et al. 1994). In the current study, 
limb lengths were similar among the two adult groups, suggesting similar muscle lengths. 
On the other hand, the limb length and presumably muscle lengths were vastly different 
between the children and adults. This could have contributed to the observed differences 
in relative RTD between the boys and men. 
Neural factors may also be involved in the higher normalized RTD seen in the 
adults and in the athletes. The integrated EMG of the agonist muscle for the first 30 ms 
after the onset of muscle activity (Q30) was used as a measure of the rate of muscle 
activation in this study. The absolute Q30 was highly related to the maximal recorded 
EMG amplitude (Table 2). Differences in the maximal amplitude of the EMG signal can 
be affected by factors such as the thickness of subcutaneous tissue and the positioning of 
the recording electrode (Petrofsky 2008). Nevertheless, even after normalization for peak 
EMG amplitude, Q30 remained higher in the adults and in the athletes (in both age 
groups). There was also a correlation between normalized Q30 and normalized RTD, 
which shows that approximately one third of the variance in normalized RTD could be 
explained by differences in normalized Q30 (r2=.35). 
Q30 is a "blanket" measure which reflects the rate of neural activation but it does 
not focus on specific neural properties. Neural properties related to RTD include central 
drive, motor unit excitability and doublet firing pattern in the motor units. These may 
have differed between the men and the boys and between the athletes and the non-
40 
athletes. Central drive has been shown to improve following resistance training during 
the high force phase of voluntary contractions (Knight & Kamen 2001). In adults, 
techniques such as interpolated twitch, V to M wave ratio and trans cranial magnetic 
stimulation (TMS) have been used to reflect central drive during the maximal force 
portion of a contraction (Knight & Kamen 2001, Del Balso & Cafarelli 2007, del Olmo et 
al 2006). In children, interpolated twitch has also been used to a limited extent to 
examine central drive in comparison with adults (Grosset et al. 2008), as well as to 
examine the effect of resistance training in children (Ramsay et al. 1990). 
Presently, it is not possible to measure the direct contribution of central drive 
during the initial rising phase of a contraction. A downstream process from central drive 
that can be measured is the motor unit discharge rate. The accurate measurement of 
motor unit discharge rate requires the use of needle EMG and therefore, for ethical 
reasons was not used in this study. In adults, the motor unit firing rate is greater during 
the very early stages of muscle contraction than during the attainment of maximal force 
(Desmedt & Godaux 1977). The brief high firing rate at the onset of contraction is often 
termed doublet discharge (Van Cuts em et al. 1998). Explosive training in adults has been 
shown to result in an increased frequency of doublets (Van Cutsem et al. 1998). Thus, 
one of the neural adaptations that may partially explain the higher RTD in athletes is a 
greater frequency of doublets. Needle EMG has not been used in children to measures 
motor unit firing rate. Nonetheless it is hypothesised that enhanced doublet firing pattern 
could explain the difference in RTD between the gymnasts and untrained boys. 
Additionally, possible increases in doublet firing pattern with maturation could contribute 
to the age-related differences in normalized RTD seen in our study. 
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A possible reason for the fact that we did not find a pairwise difference in 
normalized R TD between the trained and untrained adults could be that we examined 
peak RTD rather than changes in RTD over time. Peak RTD occurred approximately 60 
to 100 ms after the onset of force. Andersen and Aagaard (2005) studied the correlation 
between peak force during MVC and twitch properties on the one hand, and contractile 
RFD over different time points on the other hand. They found that RFD measured more 
than 40 ms after the onset of force was highly related to peak force, whereas in the very 
early stages of contraction, contractile RFD was weakly related to peak force. It was also 
weakly related to the twitch RFD. It is possible that the manifestations of neural 
adaptations from explosive or power training are most readily observable in the very 
early stages of force production. 
Neural adaptations may also be responsible for changes in absolute contractile 
RFD or RTD seen later in the contraction. However, these same neural changes (e.g., 
changes in motor unit firing rate or changes in co-activation) may also lead to increases 
in peak torque. Thus, by normalizing RTD to peak torque, the effect of these possible 
neural adaptations is masked. For example Aagaard et al. (2002) reported that 14 weeks 
of resistance training significantly improved knee extension MVC peak force and 
absolute RFD. However, when RFD was normalized to MVC, increases were only 
apparent in the time period between force onset and one sixth of MVC (-30 ms), and not 
in any later time interval. Aagaard et al. (2002) could not rule out changes in fibre type or 
tendon properties as loci of adaptation but did find increases in the rate of rise of the 
EMG signal in the early stage of the contraction (0-30,0-50 ms) and suggested that these 
changes were at least partially responsible of the changes in normalized RTD. 
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A consistent main effect of training was found across all the contraction types for 
EMD. Two sets of mechanisms are thought to contribute to the EMD: a) muscular 
mechanisms such as fibre conduction velocity and excitation-contraction coupling; and b) 
tendon properties such as the time required to take up the series elastic component 
(Cavanagh & Komi 1979). In this study, no attempt was made to distinguish between the 
muscle and tendon components. Recently published work using evoked contraction in 
vivo and high frame rate ultrasound, reported that the two components contributed 
equally to EMD in the gastrocnemius muscle of men (Nordez et al. 2009). The latter 
study demonstrated that tendon compliance is an important factor in determining EMD. 
Kubo et al. (2001,2009) showed a decrease in tendon compliance with both resistance 
training and with maturation. Thus, the age-related and training-related differences in 
EMD in the present study may be explained by changes in tendon compliance, which 
occur with maturation (Kubo et al. 2001) and with training (Kubo et al. 2009). 
An interesting finding in the present study was that in both measures related to 
muscle activation (normalized Q30 and EMD), power-trained children had values similar 
to those seen in the untrained adults but lower than the power-trained adults. This 
suggests that although training in youth is a potent stimulus for neural changes, 
maturation still has an additive effect, leading to the greatest rates of activation in the 
adult athletes. 
Co-activation was found to be consistently low across three of the four tested 
contraction types. Most of the observed values for elbow extension and knee flexion were 
less than 10%. The values during knee extension were slightly larger (~15%) but still 
quite low. The observed values were so low for all groups that there was probably only a 
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minimal effect on force production. A different magnitude of co-activation was observed 
during elbow flexion. It is possible that these values were elevated due to cross talk 
between that triceps recording electrode located on the lateral head of the triceps brachii 
and the biceps brachii muscle. This seems more plausible in the children, where the 
absolute distance between the triceps electrode and the biceps muscle is much smaller 
than in the adults. Another possible explanation for the high triceps activation would be 
the need to stabilize the elbow joint. Although the elbow rested on a pad during elbow 
flexion, it was not secured to the pad because pilot studies showed that this disrupted the 
EMG recording. It is conceivable that the high force levels during elbow flexion led to a 
tendency for the elbow to move forward, backwards or laterally which were in tum 
partially stabilized by greater activation in the triceps. 
An additional potential explanation for the higher co-activation values observed in 
the elbow flexion may be related to the grip used (neutral grip). It is possible that the 
lateral head of the triceps, where the electrode was placed, was not maximally activated 
during the elbow extension trials, thus resulting in an overestimation of co-activation 
during elbow flexion. A common suggestion within the bodybuilding community is that 
the lateral head of the triceps is best "isolated" with elbow extension using a pronated 
grip rather than the neutral grip used in the present study (Delavier 2006). Previous work 
from our laboratory used a similar procedure and set up to measure co-activation in men 
and boys, except for the use of a supinated, rather than a neutral grip (Falk et al. 2009). 
Co-activation during elbow flexion was found to be 0.59±O.44 and 0.44±0.27 in boys and 
men, respectively. These values are slightly lower than those observed in the present 
study, suggesting that the grip position may play some role in the high observed co-
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activation. Since the co-activation levels in both studies are much higher than any of the 
other tested actions, it is suggested that the fact that the upper arm was not secured to the 
underlying pad resulted in the need for additional stabilization and thus, greater triceps 
activation during elbow flexion 
The present study was cross-sectional in design, allowing for the possibility that 
there is something inherently mentally or physically different in those individuals who 
choose to undergo power training versus those who choose not to partake in extensive 
sport training. Possible pre-existing physical differences could include greater percentage 
of type II fibres in the athletes, which could account for their greater relative strength. 
The greater R TD observed in the athletes could also be explained by a higher percentage 
of type II fibres. Maximal RFD is related to the maximal cross-bridge cycling rate which 
is known to be higher in type II fibres (Harridge et al. 1996). Another possible pre-
existing difference between athletes and non-athletes could be muscles' origin and 
insertion points. Although there is currently no evidence to show these differences 
between athletes and non-athletes, theoretically the farther a muscle inserts from the axis 
of rotation (the joint) the greater the mechanical advantage it will have for producing 
force. Conversely, the closer the insertion is to the joint, the greater advantage it will have 
in speed of movement (possibly affecting RTD) (Rassier et aI1999). 
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Chapter 6: CONCLUSION AND RECOMMENDATIONS 
6.1 Conclusions 
The present study shows that children have lower relative strength and RTD when 
compared with adults. Additionally, children take longer to activate their muscles (lower 
Q30 and longer EMD). Power training, in both adults and children appears to increase the 
ability of individuals to contract explosively and activate their muscle more quickly. The 
greater rate of muscle activation seen in the trained when compared with the control 
children was not as great as that observed in the trained adults. This suggests that the 
neural adaptations caused by training and maturation are additive in nature. 
6.2 Future Directions 
In the future, intervention training studies should be used to assess the effects of 
power training on the ability of children to activate their muscles and contract 
explosively. These types of studies would be useful because they could show a cause and 
effect link between resistance or explosive training and changes in rate of muscle 
activation and RFD. Additionally, possible non-invasive techniques to measure motor 
unit firing rate and muscle type II fibre activation could shed light and better explain 
neural changes that occur with maturation and as a result of training. Development of 
multiple surface electrode arrays with advanced signal processing techniques such as 
independent component analysis may allow for greater understanding of processes such 
as motor unit firing rate and recruitment threshold. 
It would also be useful to measure the effects of explosive training during youth 
on neuromuscular function in adults and older adults. This type of investigation could 
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determine if starting training during childhood allows for greater performance during 
adulthood and if early training could help to mitigate the functional decline of the 
neuromuscular system seen in older adults. 
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Appendix A: Summary of outcome variables results and statistical analysis 
Table AI. Summary of statistically significant effects and interaction for main 
outcome variables of each contraction. 
Elbow Flexion Elbow Extension Knee Extension Knee Flexion 
Peak Torque (N'm) Age, Training, A*T Age, Training, A *T Age, Training, A *T Age, A *T , Training 
Torque per thigh Age Training P=O.ll Age, Training Training, Age P=O.l, 
CSA (N'm/cm2) P=O.098 
Torque per body Age, Training Age, Training Age, Training, A *T Age, Training 
mass (N'm!k2) P=O.107 
Torque per lean Age Age, Training Age, Training, A *T Age 
body mass (N'm!k2) 
Rate of torque Age, Training, A *T Age, Training" A *T Age, Training, A *T Age, Training, A *T 
development (N·m/s) 
Normalized rate of Age, Training Age, Training A*T Age 
torque development 
( MVC/s) 
Time to peak rate of Age, Training Age Age Age, Training 
torque development P=O.085 
(ms) 
Q30 (mV'ms) Age, Training Training Training, Age Age P=O.105, 
P=O.055 Training P=.167 
Normalized Q30 Age, Training Training Training Age 
(mV's/mV) 
Electrometrical Age, Training Training Training Age p=.129, 
delay (ms) Training p=.053 
EMG onset to peak Age, Training Age, Training Age, Training Age, Training 
RTD delay (ms) P=O.ll 
Co- activation Training, Age Age, Training - Age, Training 
P=O.12 
Co-contraction Age Age, Training Age -
CSA= cross sectIOnal area, LBM=lean body mass, RTD= rate of torque development. 
Age= main effect: adults significantly different from children, Training=main effect: 
training group significantly different from control. A *T= Age, training interaction (see 
contraction type results table for pair-wise differences) 
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Table A2.Elbow Flexion Results. 
Children Control Children Power Adult Control Adult Power Effect 
Peak Torque (N·m) 18.1±4.4 19A±3.6 71.4±9.0 90.9±17.1 * ~ge, Training, 
A*T 
Torque per upper arm CSA O.66±O.1O O.69±O.O5 l.O8±O.24 l.OO±O.18 Age 
N·m/em2) 
Torque per body mass O.54±O.1l O.68±O.14 O.90±O.l7 l.Ol±O.16 Age, Training 
(N·m!kg) 
Torque per LBM (N·m!kg) O.65±O.1l O.78±O.l5 l.lO±O.16 1.00±OA9 Age 
reak RTD (N·m/s) 98.8±45.1 133.0±46.6 567A±138.9 762.0±188.8* Age, Training, 
A*T 
!Normalized RTD (MVc/s) 5.1±1.7 6.8±O.6 8.0±OA 8A±OA Age, Training 
reak BB EMG (mV) 1.77±O.78 2.39±l.O6 3A5±1.87 3.84±1.67 Age 
Q30(mV·ms) 1.62±1.36 3.73±1.62 6.04±8.25 13.27±11.22 Age, Training 
1N0rmalized Q30 (mV·ms/mV) O.99±O.60 1.69±O.83 1.54±1.31 3.53±2A9 Age, Training 
Time to Peak Torque (ms) 1515A±745A 1148.9±521.8 1216.0±667.8 1083.0±711A -
~me to peak RTD (ms) 93.3±21.8 I 82.3±17.6 69.0±12.2 I 65A±7.9 Age 
IElectrometrical delay (ms) 74.8±22.6 53A±20.8 53.6±10.7 45.8±10.1 Age, Training 
IEMG onset to peak RTD 168.2±36A 135.78±26.0 122.6±14.2 11 1.24±1 1.9 Age, Training 
Idelay (ms) 
Co- activation O.83±OA5 O.51±O.30 O.66±.50 O.40±O.15 Training, 
Co-contraction O.14±O.03 O.14±O.O4 O.40±O.O3 O.27±O.O5 Age 
CSA= cross sectional area, LBM=lean body mass, RTD= rate of torque development. 
Age= main effect: adults significantly different then children, Training=main effect: 
training group significantly different then control, A *T=age-training interaction, *= 
training group significantly different from same aged control group. 
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Table A3. Elbow Extension Results. 
Children Control Children Power Adult Control Adult Power Effect 
Peak Torque (N·m) 21.4±6.l 24.7±6.7 59.1±6.8 82.4±15.3* Age, 
Training, 
A*T 
Torque per upper arm CSA 0.78±0.13 0.90±0.27 0.88±O.l6 0.90±0.16 -
(N·m/em") 
Torque per body mass 0.63±0.15 0.85±O.l7 0.75±0.12 0.92±.016 Age, 
(N·m/kg) Training 
Torque per LBM (N·m!kg) 0.77±0.18 0.99±0.21 0.91±0.13 1.l0±0.19 Age, 
Training 
Peak RTD (N·m/s) l02.2±42.7 135.2±30.3 518.5±113.3 680.3±143.5* Age, 
Training" 
A*T 
Normalized RTD ( MYC/s) 4.96±1.81 5.68±1.36 8.85±1.99 8.42±1.85 Age 
Peak BB EMG (mY) 0.74±0.26 1.22±0.48 0.93±0.95 1.13±0.46 Training 
Q30(mY·ms) 0.77±0.59 2.02±1.57 0.74±0.69 2.09±1.81 Training 
Normalized Q30 (mY·ms/mY) 1.12±0.83 1.61±0.94 0.95±0.93 1.99±1.54 Training 
Time to Peak Torque (ms) 1867.9±504.1 l572.2±599.4 1794.8±761.5 1442.2±698.9 -
Time to peak RTD (ms) 84.7±19.4 I 87.1±19.4 63.1±8.2 I 65.9±7.4 Age 
~lectrometrical delay (ms) 68.4±30.0 49.4±17.6 60.322.8 45.9±12.! Training 
~MG onset to peak RTD 153.1±35.9 136.5±28.3 123.3±24.0 111.9±13.4 Age, 
delay (ms) Training 
Co- activation 0.13±O.09 0.09±0.04 0.05±0.03 0.03±0.02 Age, 
Training 
Co-contraction 0.27±0.14 0.17±0.07 0.17±0.08 0.09±0.04 Age, 
Training 
CSA= cross sectional area, LBM=lean body mass, RTD= rate of torque development. 
Age= main effect: adults significantly different then children, Training=main effect: 
training group significantly different then control, A *T=age-training interaction, *= 
training group significantly different from same aged control group. 
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Table A4. Knee Extension Results. 
Children Control Children Power Adult Control Adult Power Effect 
iPeak Torque (N·m) 74.2±22.4 64.8±16.9 226.2±42.5 321.1±49.9* Age, 
Training, 
A*T 
Torque per upper arm CSA 5.00±1.72 3.83±O.88 5.91±2.l8 5.24±1.71 Age 
(N·m/cm2) 
Torque per body mass 2. 16±0.43 2.26±O.58 2.85±O.54 3.61±O.60* Age, 
(N·m/kg) Training, 
A*T 
Torque per LBM (N·m/kg) 2.63±O.55 2.61±O.64 3.47±O.61 4.31±O.69* Age, 
Training, 
A*T 
!peak RTD (N·m/s) 366.4±148.5 416.0±201.5 1343.5±364.3 1837.5±418.7* Age, 
Training, 
A*T 
1N0rmalized RTD ( MYC/s) 5.05±1.53 6.22±1.95* 5.99±1.33 5.71±l.O5 A*T 
!peakBB EMG (mY) O .. 49±O.13 O.56±O.22 O.63±O.32 O.92±O.35 Age, 
Training 
Q30 (mY·ms) O.45±O.22 O.98±O.70 O.71±O.62 1.74±1.79 Training, 
1N0rmalized Q30 (mY·ms/mY) O.95±O.52 1.66±O.84 1.1O±O.67 1.80±1.29 Training 
Time to Peak Torque (ms) 1376.2±557.9 1457.1±3S6.6 1266.6±610.0 1541.S±696.6 -
Time to peak RTD (ms) 94.2±22.9 I 91.6±18.3 79.3±12.0 I 77.0±11.1 Age 
~lectrometrical delay (ms) 67.1±17.6 50.8±14.8* 59.0±15.5 57.5±17.0 Training 
IEMG onset to peak RTD 161.3±27.4 142.3±30.5 138.3±19.5 134.5±2S.6 Age 
delay (ms) 
Co- activation O.lS±O.ll O.lS±O.12 O.13±O.O7 O.13±O.lS 
-
Co-contraction O.16±O.O8 O.21±O.27 O.11±O.O8 O.07±O.OS Age 
CSA= cross sectional area, LBM=lean body mass, RTD= rate of torque development. 
Age= main effect: adults significantly different then children, Training=main effect: 
training group significantly different then control, A *T=age-training interaction, *= 
training group significantly different from same aged control group. 
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Table AS.Knee Flexion Results 
Children Control Children Power Adult Control Adult Power Effect 
Peak Torque (N·m) 33.7±10.6 32.4±8.2 101.5±20.3 121.5±18.7* Age, A*T, 
Training 
Torque per upper arm CSA 2.23±O.71 2.0l±O.52 2.86±O.67 2.00±0.70 Training 
(N·m/cm2) 
Torque per body mass 0.98±O.24 1.13±O.30 1.28±.27 1.36±.21 Age 
(N·m/kg) 
Torque per LBM (N·m!kg) 1.20±.30 l.31±O.34 1.55±0.29 1.63±0.24 Age 
reak RTD (N·m/s) 180.7±57.5 185.2±73.3 62 1.6± 1 50.3 820.2±168.2* Age, 
Training, 
A*T 
~ormalized RTD (MYC/s) 5.44±l.OO 5.54±1.l9 6.24±l.5O 6.76±1.01 Age 
reak BB EMG (mY) O.62±0.30 0.56±O.ll 0.53±0.30 0.60±0.31 -
Q30(mY·ms) O.61±O.56 O.70±O.64 0.74±0.61 1.21±O.83 -
1N0rmalized Q30 (mY·ms/mY) 1.12±O.90 l.l5±0.88 L47±0.86 2.22±1.50 Age 
Time to Peak Torque (ms) 1467.2±575.9 1548.4±632.9 1362.9±696.1 956.9±471.8 Age 
Time to peak RTD (ms) 109.5±28.1 lOO.9±20.7 97.9±42.3 71.5±26.2 Age, 
Training 
Electrometrical delay (ms) 90.6±27.0 71.0±24.2 73.7±23.9 66.1±16.1 Training 
EMG onset to peak RTD 200.l±37.6 171.9±28.7 171.5±53.4 137.6±30.l Age, 
delay (ms) Training 
Co- activation O.O9±O.03 0.06±O.03 O.O5±0.O2 0.O4±O.O3 Age, 
Training 
Co-contraction O.O9±O.1O 0.O7±O.O3 O.O8±O.O6 O.O8±O.O8 -
CSA= cross sectional area, LBM=lean body mass, RTD= rate of torque development. 
Age= main effect: adults significantly different then children, Training=main effect: 
training group significantly different then control, A *T=age-training interaction, *= 
training group significantly different from same aged control group. 
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T bi A6T a e . I I d th orque va ues, usmg muse e ep . t as eovana e. 
Children Effect 
Control Children Power Adult Control Adult Power 
Elbow Flexion 21.28±3.47 2 1.77±4.4 1 70.67±2.48 87.82±4.31 * Age, Training, 
A*T 
Elbow 28.02±3.42 28.98±3.60 S7.81±2.l4 74.41±4.20* Age, Training, 
Extension A*T 
Knee Extension 76.96±12.0S 67.71±lS.OS 22S.41±9.00 316±lS.04* Age, A*T 
Knee Flexion 37.66±S.21 34.31±6.36 lOO.6S±3.94 119.03±S.71 * Age, A*T 
Age= main effect: adults significantly different then children, Training=main effect: 
training group significantly different then control, A *T=age-training interaction, *= 
training group significantly different from same aged control group. 
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Table A7. Repeated Measures ANOV A Summary Table. 
Variable 
Peak Torque 
Torque per CSA 
Torque per body 
mass 
Torque per body 
lean mass 
RTD 
RTD relative to 
peak force 
EMG amplitude 
Q30 
Q30 relative to peak 
EMG 
Time to peak RTD 
Time to peak torque 
EMD 
EMG onset to peak 
RTDdelay 
Co-activation 
Co-contraction 
Age 
<.001 
.002 
<.001 
<.001 
<.001 
<.001 
<.001 
.001 
.004 
<.001 
ns 
.013 
<.001 
.031 
<.001 
Training 
<.001 
.016 
<.001 
.007 
<.001 
ns 
.055 
.002 
<.001 
ns 
ns 
<.001 
.043 
.003 
.014 
A*T 
<.001 
ns 
ns 
ns 
.002 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
Comment 
Trained adults> Untrained adults, Trained kids= 
Untrained kids 
Trained adults> Untrained adults, Trained kids= 
Untrained kids 
Age= main effect: adults significantly different then children, Training=main effect. 
A *T= age-training interaction 
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Table AS.Correlation Summary. 
Correlation Group Elbow Elbow Knee Knee 
Flexion Extension Extension Flexion 
Overall .494** .148 .580** -.012 
Child ~199 -.067 .190 -.023 
Peak Torque Control 
and Peak Child Power .102 .321 .154 -.745* 
EMG Adult .261 .112 .228 .337 
Control 
Adult Power -.196 .192 .597 -.219 
Overall .561** .294* .493** .233 D=.06 
Child AlO -.145 .096 -:.032 
Q30 and Peak Control 
RTD Child Power .327 A77 .313 -.241 
Adult .509* -.069 .331 .068 
Control 
Adult Power .218 .699** .567* -.021 
Overall .586** .173 .342** .407** 
Normalized Child .674** .387 p=.l ;127 .029 
Q30 and Control 
Normalized Child Power A43 .089 .571 .099 
RTD Adult .558* .027 A37 p=.06 .293 
Control 
Adult Power .653** .341 .354 .698** 
Overall -.401** -.486** -.496** -.129 
Child -A25 p=.06 -.339 -.629** -.148 
Control 
Q30 and EMD Child Power -A45 -.773* -697* A36 
Adult -.320 -.685** -.582** -A37 
Control p=0.054 
Adult Power -489* A91* -.599* -.162 
*= significantly correlated P<O.05. **= significantly correlated P<O.Ol 
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Appendix B: Subject Checklist - Biodex (for All Subjects) 
SUbject Checklist 
Date: _____ _ 
Gender: M / F 
Dominant arm: R / L 
Date of birth: _____ _ 
Machine Settings (inches) 
Chair Height: __ _ 
Chair FrontlBack: __ _ 
Chair Rotation: ___ _ 
Dynamometer LeftlRight: __ 
Dynamometer Height __ _ 
Warm-Up Order: 
Elbow: FLEX, EXT / EXT, FLEX 
Knee: FLEX, EXT/ EXT, FLEX 
Test Order I 
Elbow: FLEX, EXT / EXT, FLEX 
FLEX 
Knee: FLEX, EXT / EXT, FLEX 
FLEX 
Check off: 
Elbow: Chest straps in place 0 
Knee: Chest straps in place 0 
o 
Subject ID: _____ _ 
Subject name: ____ _ 
Age: ___ _ 
Dynamometer Tilt: ___ _ 
Attachment Length: ___ _ 
Seat Back: __ _ 
Lap Strap in Place: __ _ 
Limb Weight: ___ _ 
Test Order II 
Knee: FLEX, EXT / EXT, 
Elbow: FLEX, EXT / EXT, 
Lap strap in place 0 
Lap strap in place 0 Thigh strap in place 
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Elbow FlexionlExtension 
Arm position: 90 degrees 0 
MVC Flexion Repetitions MVC Extension Repetitions 
Trial Peak Time of Trial Peak Time of 
Torque Peak 
# 
Torque Peak 
1 1 
2 2 
3 3 
4 4 
5 5 
Rest YIN Rest YIN 
6 6 
7 7 
8 8 
9 9 
10 10 
Scaling factor: Scaling factor: 
Feedback following the Set: Feedback following the Set: 
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Knee FlexionlExtension 
Thigh position: 120 degrees 0 
Knee Position: 90 degrees 0 
MVC Flexion Repetitions MVC Extension Repetitions 
Trial Peak Time of Trial Peak Time of 
Torque Peak 
# 
Torque Peak 
1 1 
2 2 
3 3 
4 4 
5 5 
Rest YIN Rest YIN 
6 6 
7 7 
8 8 
9 9 
10 10 
Scaling factor: Scaling factor: 
Feedback following the Set: Feedback following the Set: 
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Appendix C: Anthropometric Measurement Data Collection Sheet 
ANTHROPOMETRIC MEASUREMENTS 
NAME: ________________ _ TEST DATE (MlDIY): ____ _ 
ID NUMBER: _______ _ 
GENDER:M/F DOMINANT ARM: R I L 
DATE OF BIRTH (MlDIY): __ _ AGE: __ _ 
SUBJECT HEIGHT (em): __ _ SEATED HEIGHT (em): _____ _ 
(Table = 75.5 em) 
SUBJECT WEIGHT (kg): __ _ FOREARM LENGTH (em): __ 
UPPER ARM CIRCUMFERENCE (em): 
TRIAL 1 TRIAL 2 TRIAL 3 MEDIAN 
THIGH CIRCUMFERENCE (em): __________________ _ 
TRIAL 1 TRIAL 2 TRIAL 3 MEDIAN 
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r 
I 
MUSCLE DIAMETER (mm) 
MUSCLE TESTED TRIAL 1 TRIAL 2 TRIAL 3 MEDIAN 
BICEPS BRACHII 
TRICEPS BRACHII 
BICEPS FEMORIS 
VASTUS 
LATERALISIMEDIALIS/ 
RECTUS FEMORIS 
SKINFOLD MEASUREMENT: 
SITE TRIAL 1 TRIAL 2 TRIAL 3 TRIAL 4 MEDIAN 
(>1 mm diff) 
TRICEP 
BICEP 
SUBSCAP. 
SUPRAILIAC 
SUM OF SKINFOLDS (mm): SUM @2S.F 
(2 Skinfold sites = 
Subscap+ Tricep) 
SUM @4S.F 
% BODYFAT ___ _ 
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l 
r 
SKINFOLD MEASUREMENT OF THE THIGH 
SITE TRIAL 1 TRIAL 2 TRIAL 3 TRIAL 4 MEDIAN 
(>1 mm dift) 
ANTERIOR 
POSTERIOR 
MEDIAL 
LATERAL 
SUM OF SKINFOLDS (mm): 
SUM@4S.F 
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Appendix D: Pubertal Stage Questionnaire (Tanner, 1962) 
Name: ______________ _ Date: LD: 
Pubertal Stage 
This survey will be used to assess the maturational levels of the participant. For each 
photo choose the appropriate stage and place an X in the corresponding square. 
• Please circle the box that looks 
most like you 
I \ 
1 r r 2 , 
I 
i 
3 4 
I 
1 
5 
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1 
3 
5 
• Please look at the pubic hair 
only 
• Please circle the box that looks 
most like you 
r r 2 
i I 
r T .. 4 
.. 
I 
6 
l 
Appendix E: Godin-Shephard Leisure-Time Exercise Questionnaire for All Subjects 
Nrune: ____________ __ Date: I.D: 
GODIN-SHEPHARD LEISURE-TIME EXERCISE QUESTIONNAIRE 
1. Considering a 7-day period (a week), how many times on the average do you do the 
following kinds of exercise for more than 15 minutes during your free-time (write 
on each line the appropriate number)? 
Times Per Week 
(a) STRENUOUS EXERCISE (HEART BEATS RAPIDLY) 
(i.e. running, jogging, hockey, football, soccer, squash, basketball, cross country 
skiing, judo, roller skating, vigorous swimming, vigorous long distance bicycling) 
(b) MODERATE EXERCISE (NOT EXHAUSTING) 
(i.e. fast walking, baseball, tennis, easy bicycling, volleyball, badminton, easy 
swimming, alpine skiing, popular and folk dancing) 
(c) MILD EXERCISE (MINIMAL EFFORT) 
(i.e. yoga, archery, fishing from river bank, bowling, horseshoes, golf, snow-mobiling, 
easy walking) 
2. Considering a 7-day period (a week), during your leisure-time, how often do you 
engage in any regular activity long enough to work up a sweat (heart beats rapidly)? 
1. OFTEN 2. SOMETIMES 3. NEVERIRAREL Y 
o o o 
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Appendix F: Training History Questionnaire 
Name: Date: LD: 
TRAINING HISTORY QUESTIONNAIRE FOR ATHELTES 
Please fill in the table below to the best of your knowledge. 
If you have any difficulties, discuss the matter with one of the investigators. 
Activity/ Level of #of Sessions/ Mini Intensity Seas 
Sport Competition years week session (light, onal 
moderate, leng 
intense, very th 
intesne) 
Soccer 
Swimmi 
ng 
Hockey 
Gymnast 
ics 
Running 
Resistan 
ce 
Other 
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Appendix G: Descriptive Statistics, including mean, standard deviation, minimum and 
maximum values. 
Children's Descriptive Statistics 
Training 
Control Children Trained Children 
Maximu 
Mean N Std. Minimum Maximum Mean N Std. Minimum m 
Age_Y 9.97 16 1.18 7.26 12.93 9.32 9 1.28 8.04 11.31 
Height 139.6 17 8.88 121.60 158.10 134.81 9 8.60 120.00 149.80 
1 
Yrs_PH -3.32 16 0.74 -4.51 -1.42 -3.74 9 0.86 -4.98 -2.48 
V 
Weight 34.08 17 7.50 22.40 53.90 29.03 9 5.11 21.20 38.80 
Arm_C 27.28 17 6.11 19.47 44.01 27.90 9 4.34 20.82 33.86 
SA 
BF_2 17.56 17 6.35 11.67 36.60 13.68 9 3.23 6.84 17.78 
LBM 27.75 17 4.38 19.25 35.47 25.03 9 4.22 18.34 32.11 
Thigh_ 15.19 17 2.28 10.33 17.66 15.73 9 6.30 1.06 23.47 
CSA 
EFJrc 18.06 17 4.35 9.81 28.58 19.35 9 3.56 14.55 24.63 
Pk 
-
EF_Pk 0.66 17 0.10 0.49 0.82 0.69 9 0.05 0.63 0.75 
-
Frc_A 
rm_CS 
A 
EF_PK 0.54 17 0.11 0.37 0.78 0.68 9 0.14 0.50 0.98 
-
Frc_K 
g 
EF_PK 0.65 17 0.11 0.44 0.89 0.78 9 0.15 0.61 1.13 
-
Frc_L 
BM 
72 
EF_tim 1515. 17 745.3 371.00 2971.00 1148.8 9 521. 438.00 2052.00 
e_PkFo 35 5 9 80 
rce 
EF_RF 98.76 17 45.15 30.02 192.85 133.03 9 46.5 76.29 219.91 
D 6 
EF_RF 5.17 17 1.71 2.79 8.83 6.76 9 1.48 4.71 8.93 
D_Frc 
EF_tim 93.35 17 21.88 68.00 154.00 82.33 9 17.5 72.00 128.00 
e_PkR 8 
FD 
EF_AG 17.69 17 7.81 5.65 32.45 23.91 9 10.6 14.80 49.11 
EMG 0 
EF_Q3 16.21 17 13.61 4.46 47.78 37.31 9 16.1 10.02 64.31 
0 9 
EF_Q3 0.99 17 0.59 0.39 2.37 1.69 9 0.83 0.64 3.19 
O_EMG 
Pk 
EF_AG 74.88 17 22.59 39.00 126.00 53.44 9 20.8 20.00 94.00 
EMD 2 
EF_AG 168.2 17 36.39 121.00 250.00 135.78 9 26.0 99.00 180.00 
EMG 4 
-
ON-
pkRFD 
_delay 
EF_coa 0.83 17 0.46 0.40 2.20 0.51 9 0.30 0.10 0.97 
ctivatio 
n 
EEJrc 21.39 17 6.11 12.57 33.87 24.73 9 6.69 15.48 33.60 
Pk 
EE_Pk 0.78 17 0.13 0.57 0.97 0.90 9 0.27 0.63 1.45 
Frc_A 
rm_CS 
A 
EE_Pk 0.63 17 0.15 0.45 0.99 0.85 9 0.17 0.66 1.14 
-
Frc_K 
9 
EE_Pk 0.77 17 0.18 0.55 1.15 0.99 9 0.21 0.74 1.38 
Frc_L 
BM 
73 
EE_tim 1867. 17 504.0 937.00 2883.00 1572.2 9 599. 832.00 2435.00 
e_PkFo 88 9 2 35 
rce 
EE_RF 102.1 17 42.75 40.49 174.82 135.20 9 30.2 86.62 169.29 
D 9 6 
EE_RF 4.76 17 1.56 2.55 8.48 5.68 9 1.36 3.10 7.72 
D_Frc 
EE_tim 84.71 17 19.37 58.00 130.00 87.11 9 19.4 64.00 124.00 
e_PkR 0 
FD 
EE_AG 7.41 17 2.56 2.62 10.52 12.22 9 4.83 7.82 23.45 
_EMG 
EE_Q3 7.74 17 5.88 1.53 20.19 20.23 9 15.6 7.31 52.63 
OAG 7 
EE_Q3 1.22 17 0.83 0.36 3.45 1.61 9 0.94 0.67 3.71 
O_EMG 
Pk 
EE_AG 68.41 17 30.02 26.00 120.00 49.44 9 17.5 20.00 74.00 
EMD 7 
EE_AG 153.1 17 35.91 106.00 220.00 136.56 9 28.2 99.00 178.00 
EMG 
-
2 9 
ON-
pkRFD 
_delay 
EE_coa 0.13 17 0.09 0.03 0.36 0.09 9 0.04 0.05 0.18 
ctivatio 
n 
KE_Frc 74.16 17 22.37 37.86 107.35 64.84 9 16.8 40.71 90.13 
Pk 8 
KE_Pk 4.96 17 1.73 3.02 10.02 3.83 8 0.88 2.82 5.43 
Frc_T 
high_C 
SA 
KE_Pk 2.16 17 0.43 1.62 2.95 2.26 9 0.58 1.36 3.40 
Frc_K 
9 
KE_Pk 2.63 17 0.55 1.90 3.80 2.61 9 0.64 1.57 3.93 
Frc_L 
8M 
74 
r 
I 
I 
KE_tim 1376. 17 577.9 352.00 2438.00 1457.1 9 356. 916.00 1869.00 
e_PkFo 18 5 1 57 
rce 
KE_RF 366.3 17 148.5 127.59 694.56 416.00 9 201. 124.60 782.77 
0 6 4 52 
KE_RF 5.05 17 1.53 2.37 7.57 6.22 9 1.95 2.55 8.68 
D_Frc 
KE_tim 94.24 17 22.91 54.00 147.00 91.56 9 18.3 74.00 138.00 
e_PkR 2 
FD 
KE_AG 4.90 17 1.34 3.14 8.49 5.57 9 2.15 0.96 8.26 
_EMG 
KE_Q3 4.48 17 2.18 1.27 8.44 9.84 9 7.04 0.79 23.36 
OAG 
KE_Q3 0.95 17 0.52 0.34 2.27 1.66 9 0.84 0.76 2.83 
O_EMG 
Pk 
-
KE_AG 67.06 17 17.57 29.00 103.00 50.78 9 14.8 29.00 77.00 
_EMD 5 
KE_AG 161.2 17 27.44 121.00 216.00 142.33 9 30.5 112.00 215.00 
-
EMG 
-
9 
ON_pk 
RFD_d 
elay 
KE_coa 0.15 17 0.10 0.05 0.47 0.15 9 0.12 0.03 0.41 
ctivatio 
n 
KFJrc 33.69 17 10.62 13.60 51.67 32.40 9 8.21 18.30 43.38 
Pk 
-
KF_Pk 2.23 17 0.71 1.09 3.95 2.01 8 0.52 1.06 2.61 
-
Frc_T 
high_C 
SA 
KF_Pk 0.98 17 0.24 0.61 1.39 1.13 9 0.30 0.69 1.70 
-
Frc_K 
9 
KF_Pk 1.20 17 0.30 0.71 1.63 1.31 9 0.34 0.80 1.97 
-
Frc_L 
BM 
75 
KF_tim 1476. 17 575.8 490.00 2419.00 1548.4 9 632. 542.00 2315.00 
e_PkFo 24 7 4 92 
ree 
KF_RF 180.7 17 57.54 79.06 278.36 185.19 9 73.3 65.78 293.67 
0 3 1 
KF_RF 5.44 17 0.98 4.04 7.85 5.54 9 1.19 3.59 7.01 
D_Fre 
KF_tim 109.5 17 28.06 57.00 141.00 100.89 9 20.7 71.00 132.00 
e_PkR 3 0 
FD 
KF_AG 6.24 17 3.00 1.36 12.30 5.64 9 1.08 4.28 7.54 
EMG 
-
KF_Q3 6.11 17 5.56 1.39 24.55 6.99 9 6.36 1.73 17.95 
OAG 
KF_Q3 1.12 17 0.90 0.25 3.97 1.15 9 0.88 0.31 2.69 
O_EMG 
Pk 
-
KF_AG 90.59 17 26.99 34.00 133.00 71.00 9 24.1 49.00 114.00 
-
EMD 6 
KF_AG 200.1 17 37.62 144.00 265.00 171.89 9 28.6 139.00 234.00 
-
EMG 
-
2 7 
ON_pk 
RFD_d 
elay 
KF30a 0.09 17 0.03 0.04 0.13 0.06 9 0.03 0.03 0.13 
etivatio 
n 
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Adult's Descriptive Statistics 
Training 
Adult Control Trained Adults 
Maximu Maximu 
Mean N Std. Minimum m Mean N Std. Minimum m 
Age_Y 22.86 20 4.46 18.90 35.18 23.03 17 3.12 18.88 29.43 
Height 180.58 20 7.40 169.50 194.60 178.7 17 7.43 166.10 189.90 
5 
Weight 80.45 20 12.45 62.50 119.25 89.84 17 10.6 70.50 109.00 
0 
Arm_C 68.33 20 11.25 50.56 87.48 92.12 17 12.9 74.20 122.97 
SA 0 
BF_2 20.40 20 6.68 8.07 35.16 21.71 17 5.39 14.26 30.32 
LBM 65.69 20 8.13 54.68 89.79 74.99 17 6.85 61.35 85.33 
Thigh_ 37.28 18 9.05 18.30 61.25 59.25 16 13.5 45.86 89.84 
CSA 1 
EF_Frc 71.41 20 8.98 45.14 88.81 90.92 17 17.0 70.62 132.42 
-
Pk 6 
EF_Pk 1.08 20 0.24 0.73 1.51 1.00 17 0.18 0.67 1.33 
-
Frc_A 
rm_CS 
A 
EF_PK 0.90 20 0.17 0.54 1.31 1.01 17 0.16 0.67 1.36 
-
Frc_K 
g 
EF_PK 1.10 20 0.16 0.71 1.43 1.00 17 0.49 0.03 1.69 
-
Frc_L 
BM 
EF_tim 1215.9 20 667.8 325.00 2777.00 1083. 17 711. 322.00 2580.00 
e_PkFo 5 2 00 40 
rce 
EF_RF 567.41 20 138.8 300.98 848.10 761.9 17 188. 460.13 1198.24 
D 7 7 80 
EF_RF 8.01 20 2.02 4.72 12.69 8.39 17 1.50 5.56 11.70 
D_Frc 
EF_tim 69.00 20 12.23 49.00 89.00 65.41 17 7.90 55.00 82.00 
e_PkR 
FD 
EF_AG 34.46 20 18.86 4.55 74.76 38.35 17 16.7 9.56 75.51 
-
EMG 3 
77 
EF_Q3 60.37 20 82.49 0.74 353.48 132.6 17 112. 20.58 434.42 
0 5 17 
EF_Q3 1.54 20 1.31 0.16 5.16 3.53 17 2.49 0.51 8.95 
O_EMG 
Pk 
EF_AG 53.60 20 10.68 28.00 70.00 45.82 17 10.0 33.00 73.00 
EMD 8 
EF_AG 122.60 20 14.23 103.00 151.00 111.2 17 11.9 96.00 135.00 
EMG 4 2 
-
ON-
pkRFD 
_delay 
EF_coa 0.66 20 0.50 0.14 2.27 0.40 17 0.15 0.21 0.68 
ctivatio 
n 
EE_Frc 59.07 20 6.79 39.22 69.24 82.40 17 15.3 61.34 116.36 
Pk 
-
EE_Pk 0.88 20 0.16 0.67 1.28 0.90 17 0.16 0.57 1.28 
Frc_A 
rm_CS 
A 
EE_Pk 0.75 20 0.12 0.52 0.95 0.92 17 0.16 0.56 1.22 
Frc_K 
9 
EE_Pk 0.91 20 0.13 0.69 1.12 1.10 17 0.19 0.72 1.41 
Frc_L 
8M 
EE_tim 1794.8 20 761.5 562.00 2950.00 1442. 17 698. 615.00 2892.00 
e_PkFo 0 3 24 88 
rce 
EE_RF 518.51 20 113.3 326.31 722.54 680.3 17 143. 490.08 1000.71 
D 4 0 50 
EE_RF 8.85 20 1.99 5.30 12.68 8.42 17 1.85 6.10 11.27 
D_Frc 
EE_tim 63.10 20 8.21 50.00 85.00 65.94 17 7.38 54.00 81.00 
e_PkR 
FD 
EE_AG 9.27 20 9.53 2.40 45.11 11.31 17 4.59 4.62 19.35 
EMG 
EE_Q3 7.44 20 6.88 0.76 21.52 20.87 17 18.0 5.55 74.03 
OAG 9 
78 
EE_Q3 0.95 20 0.93 0.17 3.46 1.99 17 1.54 0.51 5.36 
O_EMG 
Pk 
EE_AG 60.25 20 22.84 24.00 103.00 45.94 17 12.1 32.00 78.00 
EMD 2 
EE_AG 123.35 20 23.99 87.00 162.00 111.8 17 13.4 91.00 146.00 
EMG 8 0 
-
ON-
pkRFD 
_delay 
EE_coa 0.05 20 0.03 0.Q1 0.14 0.03 17 0.02 0.01 0.07 
ctivatio 
n 
KE_Frc 226.19 19 42.54 144.04 300.06 321.1 17 49.8 241.10 400.69 
Pk 
-
2 7 
KE_Pk 5.91 18 2.18 0.00 10.29 5.24 17 1.71 0.00 7.16 
-
Frc_T 
high_C 
SA 
KE_Pk 2.85 19 0.54 2.08 3.85 3.61 17 0.60 2.50 4.54 
Frc_K 
9 
KE_Pk 3.47 19 0.61 2.46 4.40 4.31 17 0.69 3.17 5.30 
-
Frc_L 
BM 
KE_tim 1266.5 19 610.0 353.00 2295.00 1541. 17 696. 596.00 2721.00 
e_PkFo 8 3 53 61 
rce 
KE_RF 1343.4 19 364.3 891.99 2101.39 1837. 17 418. 978.18 2336.76 
0 6 2 49 65 
KE_RF 5.99 19 1.33 3.50 8.18 5.71 17 1.05 3.65 7.45 
D_Frc 
KE_tim 79.32 19 11.99 61.00 105.00 77.00 17 11.0 63.00 98.00 
e_PkR 9 
FD 
KE_AG 6.29 19 3.15 1.97 13.80 9.16 17 3.53 3.10 18.56 
EMG 
KE_Q3 7.13 19 6.18 1.33 24.27 17.44 17 17.9 3.23 63.40 
OAG 9 
79 
KE_Q3 1.10 19 0.67 0.19 2.18 1.80 17 1.29 0.49 5.28 
O_EMG 
Pk 
KE_AG 58.95 19 15.51 36.00 83.00 57.53 17 16.9 31.00 94.00 
EMD 8 
KE_AG 138.26 19 19.54 108.00 171.00 134.5 17 25.5 102.00 189.00 
EMG 3 5 
-
ON_pk 
RFD_d 
elay 
KE_coa 0.13 19 0.07 0.04 0.27 0.13 17 0.15 0.02 0.65 
ctivatio 
n 
KF _Frc 101.47 20 20.29 63.08 135.20 121.4 17 18.6 93.34 177.62 
Pk 9 6 
KF_Pk 2.86 18 0.67 1.72 4.00 2.00 17 0.70 0.00 3.04 
-
Frc_T 
high_C 
SA 
KF_Pk 1.28 20 0.27 0.87 1.82 1.36 17 0.21 0.98 1.83 
Frc_K 
9 
KF_Pk 1.55 20 0.29 1.07 2.14 1.63 17 0.24 1.24 2.26 
Frc_L 
BM 
KF_tim 1362.9 20 696.1 270.00 2608.00 956.8 17 471. 426.00 1907.00 
e_PkFo 0 1 8 75 
rce 
KF_RF 621.61 20 150.3 393.39 854.75 820.2 17 168. 611.27 1150.97 
0 4 23 
KF_RF 6.24 20 1.50 3.80 9.34 6.76 17 1.01 5.21 8.97 
D_Frc 
KF_tim 97.85 20 42.27 51.00 173.00 71.53 17 26.2 51.00 143.00 
e_PkR 2 
FD 
KF_AG 5.25 20 2.95 1.03 13.58 5.96 17 3.14 1.01 12.57 
EMG 
KF_Q3 7.41 20 6.12 1.52 25.53 11.59 17 8.31 1.37 33.03 
OAG 
80 
KF_Q3 1.47 20 0.86 0.41 3.29 2.22 17 1.50 0.34 5.10 
O_EMG 
Pk 
-
KF_AG 73.65 20 23.94 33.00 122.00 66.06 17 16.1 39.00 104.00 
-
EMD 4 
KF_AG 171.50 20 53.35 112.00 295.00 137.5 17 30.0 101.00 203.00 
-
EMG 
-
9 8 
ON_pk 
RFD_d 
elay 
KF30a 5.49E- 19 0.02 0.02 0.10 0.04 17 0.03 0.01 0.13 
ctivatio 02 
n 
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Appendix H: consent form 
INFORMATION & CONSENT TO PARTICIPATE IN RESEARCH 
MUSCLE ACTIVATION IN CHILDREN VERSUS ADULTS 
You are being invited to participate in a research study being conducted by the 
investigators listed below. Prior to participating in this study please read this form to find 
out about the purpose and the tests of this study. For the tests you will have to visit the 
Exercise Physiology Laboratory (WH17, Brock University). This study is sponsored by 
the Faculty of Applied Health Sciences of Brock University. 
INVESTIGATOR: 
Dr. Bareket Falk 
Dr. Nota Klentrou 
Dr. David Gabriel 
DEPARTMENT: 
FAHS*, Brock U 
FAHS, Brock U 
FAHS, Brock U 
CONTACT: 
(905) 688-5550 x4979 
(905) 688-5550 x4538 
(905)688-5550 x4362 
Students working under the supervision of Drs. Falk, Klentrou or Gabriel. 
* FAHS = Faculty of Applied Health Sciences 
PURPOSE: 
The objective of this study is to examine whether children of different age groups and 
adults differ with respect to how muscle timing and activation change while performing a 
maximal and submaximal effort task. 
DESCRIPTION OF TESTING PROCEDURES: 
If you agree to volunteer for this study you will partake in two testing sessions 
(approximately 90 min). At the end of the study, you will be given a summary of the 
findings, upon request. 
You will undergo the following measurements or procedures: 
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1. Completing questionnaires, outlining your medical history, physical activities and 
pubertal status. The questionnaire used to measure pubertal status involves 
looking at pictures of male and female genitalia and deciding which stage of 
puberty you best match. This will be carried out in a private room to avoid any 
uneasiness. In all questionnaires, you may choose not to answer any question 
without penalty. 
2. Determination of your body composition (percent body fat), using measurements 
of height, weight and skinfold thickness. Biceps circumference measures will 
also be taken. This procedure is quick and causes no discomfort. 
3. Muscle force will be evaluated in the upper and lower extremities (arms and 
legs). This involves 10-15 trials of exerting maximal (all out) elbow and knee 
flexion and extension force (bending and straightening the arm and the leg) and 
three trials of submaximal (40% of maximal) elbow and knee flexion and 
extension force. Participants will first do a few warm-up trials. This procedure 
may result in muscle soreness within 48 hours of the test. If these effects do 
occur, it will only be temporary. 
4. Recording voluntary muscle activity using Electromyography. This measures the 
electrical signal of muscle from the skin surface. This procedure involves the 
application of surface electrodes for the biceps and triceps of the arm, and 
hamstring muscles in the thigh. Before electrode placement with electrolyte gel, 
the skin surface will be shaved, lightly abraded, and cleansed with alcohol. 
There is a possibility of slight skin irritation. Washing the gel from the skin surface 
and applying lotion following the test will minimize irritation. 
5. Reflexes: Tendon reflexes will be examined at the knee and at the ankle. This is 
performed by tapping the tendon below the knee and at the back of the ankle 
using a small rubber-tipped "hammer" The "hammer" is very similar to the one 
used by physicians to test reflexes, expect that the force applied and the timing 
can be measured. The procedure does not involve any pain or discomfort. 
6. Muscle size: Muscle thickness will be measured using ultrasound. This ultrasound 
device consists of a main unit and a hand-held probe. A think layer of gel is applied to 
the following muscles: biceps brachii, triceps, rectus femoris, and biceps femoris. 
The measurement is made by passing the probe back and forth over the 
muscle.There is no discomfort associated with this measurement. Measurement 
requires approximately 15-20 min. 
It is recommended that you come for the measurements in shorts and at-shirt. 
CONFIDENTIALITY: 
All your data collected during this study will remain confidential and will be stored in 
offices and on secured computers to which only the principal and cO-investigators have 
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access. You should be aware that the results of this study will be made available to 
scientists, through publication in a scientific journal but your name and any personal data 
of you will not appear in compiling or publishing these results. Data will be kept for 5 
years after the date of publication, at which time all information will be destroyed. 
Additionally, you will have access to your own data, as well as the group data when it 
becomes available and if you are interested. 
PARTlClPA TlON & WITHDRA WAf, 
You can choose whether to participate in this study or not. You may remove your data 
from the study if you wish. You may also refuse to answer any questions posed to you 
during the study and still remain as a subject in the study. The investigators reserve the 
right to withdraw you from the study if they believe that it is necessary. 
RISKS AND BENEFITS 
The only foreseeable risks involved in participation include: 
a) Possible muscle soreness within 48 h of the test. If this occurs, it will only be 
temporary. 
b) Possible skin irritation from cleaning the skin with alcohol and applying surface 
electrodes. This can be minimized by washing the skin and applying skin lotion. 
c) Some questionnaires may pose a potential embarrassment. In such a case, you 
need not reply to any question you do not wish to. 
Participation will allow you to become exposed to a research protocol, contribute to the 
advancement of science, and gain knowledge about the function of one's own body. 
Additionally, if an unusually low or high result is attained for any of the measurements, 
reflecting a possible health-related problem, you will be alerted and advised to consult 
your physician. All results will be provided to you upon request. 
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RIGHTS OF RESEARCH PARTICIPANTS 
You will receive a signed copy of this ethics form. You may withdraw your consent to 
participate in this study at any time, and you may also discontinue participation at any 
time without penalty. In signing this consent form or in participating in this study you are 
not waiving any legal claims or remedies. This study has been reviewed and received 
clearance from the Brock University Research Ethics Board (file #05-155. If you have 
any pertinent questions about your rights as a research participant, please contact the 
Brock University Research Ethics Officer (905 688-5550 ext 3035, reb@brocku.ca) 
INFORMATION: 
Please contact Dr. Bareket Falk at 905-688-5550(X4979), Dr. Nota Klentrou at 905-688-
5550(X4538), Dr. David Gabriel at 905-688-5550(X4362), if you have any questions 
about the study. 
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I HAVE READ AND UNDERSTAND THE ABOVE EXPLANATION OF THE PURPOSE 
AND PROCEDURES OF THE PROJECT. I HAVE ALSO RECEIVED A SIGNED COpy 
OF THE INFORMATION AND CONSENT FORM. MY QUESTIONS HAVE BEEN 
ANSWERED TO MY SATISFACTION AND I AGREE TO PARTICIPATE IN THIS 
STUDY. 
SIGNATURE of PARTICIPANT DATE 
WITNESS DATE 
PRINTED NAME OF WITNESS 
INVESTIGATOR 
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In my judgment the participant is voluntarily and knowingly giving informed consent and 
possesses the legal capacity to give informed consent and participate in this research 
study. 
SIGNATURE OF INVESTIGATOR DATE 
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